
1 

NASA TECHNICAL NOTE 

04 
h 
rh 
N 

-- NASA - TN 

e /  
D-2579 -- . 

A FORTRAN PROGRAM TO 
CALCULATE THE FLOW FIELD 
A N D  PERFORMANCE OF A N  AXIALLY 
SYMMETRIC deLAVAL NOZZLE 

by D, Thompson, E. H. Ingram, 
C. T. K.  Young, and J. B. Cox 

George C. Marshall Space Flight Center 
Hzt ntsuille, Ala. 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. J A N U A R Y  1965 1 



TECH LIBRARY KAFB. NY 

A FORTRAN PROGRAM TO CALCULATE 

THE FLOW FIELD AND PERFORMANCE OF 

AN AXIALLY SYMMETRIC deLAVAL NOZZLE 

By D. Thompson, E.  H. Ingram, C. T.  K. Young, and J.  B. Cox 

George C. Marshall Space Flight Center 
Huntsville, Ala. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For solo by tho Office of Technical Services, Department of Commerco, 
Washington, D.C. 20230 -- Prico $5.00 





TABLE OF CONTENTS 

P a g e  

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

PROGRAM DESCRIPTION . . . . . . . . . . . . . . . . . . . . . .  3 

P r o g r a m  Composition . . . . . . . . . . . . . . . . . . . . . .  3 

Routine and Subroutine Funct ions .  . . . . . . . . . . . . . .  3 

The Main o r  Control  Rout ine.  . . . . . . . . . . . . . .  3 

Subroutine CASE 1.  . . . . . . . . . . . . . . . . . . . . .  7 

Subroutine CASE 2 . . . . . . . . . . . . . . . . . . . . .  7 

Subroutine CASE 3 . . . . . . . . . . . . . . . . . . . . .  8 

Subroutine CASE 4 . . . . . . . . . . . . . . . . . . . . .  8 

Subroutine THERM0 9 

Subfunction P L T N  . . . . . . . . . . . . . . . . . . . . . .  10 

Subroutine STREAM . . . . . . . . . . . . . . . . . . . .  10 

Subroutine OPTIMS . . . . . . . . . . . . . . . . . . . . .  10 

Subroutine POLY . . . . . . . . . . . . . . . . . . . . . .  11 

Subroutine PROPTY . . . . . . . . . . . . . . . . . . . .  11 

Subroutine P E R F O R  . . . . . . . . . . . . . . . . . . . .  1 2  

The P l o t t e r  P r o g r a m  . . . . . . . . . . . . . . . . . . . . . .  1 2  

. . . . . . . . . . . . . . . . . . . .  

Flow C h a r t s  of the Nozzle P r o g r a m  . . . . . . . . . . . .  1 3  

... 
111 



TABLE O F  CONTENTS (Concluded) 

P a g e  

FORTRAN IV Lis t ing  of the Nozzle P r o g r a m  . . . . . . .  5 2  

107 PROGRAM UTILIZATION . . . . . . . . . . . . . . . . . . . . . . .  
P r o g r a m  Input Data  . . . . . . . . . . . . . . . . . . . . . . . .  107 

P r o g r a m  Output .  . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

114 E r r o r  Conditions . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mesh  S i z e .  114 

115 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Range of Thermodynamic  Table . . . . . . . . . . . . .  
Star t ing  L i n e .  115 

115 Shock Waves . . . . . . . . . . . . . . . . . . . . . . . . .  
Inaccura te  Descr ipt ion of the Nozzle Contour . . . .  116 

. . . . . . . . . . . . . . . . . . . . . . . . .  

Sample P r o b l e m  - Evaluation of a l l P e r f e c t ' l  Nozzle .  . .  116 

116 Given Information . . . . . . . . . . . . . . . . . . . . . .  
P r o g r a m  Resul t s  . . . . . . . . . . . . . . . . . . . . . . .  117 

APPENDIX A - The Charac te r i s t i c  Unit P r o c e s s e s .  . . . . .  133 

APPENDIX B - Equat ions for  the Calculation of Ha l l ' s  
143 Constant  P r o p e r t y  Curve . . . . . . . . . . . .  

APPENDIX C - Equat ions fo r  the  Calculation of Nozzle 
P e r f o r m a n c e  . . . . . . . . . . . . . . . . . . . .  I 4 8  

REFERENCES I 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

i v  



.. 1.1 ... I., ,.....,..,. .., 1. ...... .... I .. 111---.---.1- ...._I 

LIST OF ILLUSTRATIONS 

F i g u r e  Title 

1 Flow Net of a n  Axially Symmet r i c  deLaval  
Nozzle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 Geomet ry  of Throa t  . . . . . . . . . . . . . . . . . . . .  
3 The Charac te r i s t i c  Net . . . . . . . . . . . . . . . . . . .  
4 S t r eaml ines  . . . . . . . . . . . . . . . . . . . . . . . . . .  

A-1 Fie ld  Poin t  Unit P r o c e s s  . . . . . . . . . . . . . . . . .  

A - 2  Unit P r o c e s s  fo r  Point  on Axis of Symmet ry  . . . .  

A-3 Unit P r o c e s s  for  Point on a Solid Boundary . . . . . .  

P a g e  

4 

110 

118 

119 

134 

138 

140 

V 



LIST OF SYMBOLS 

Mathematic  a1 

A 

A 

a 

b 

Cf 

C 

- dY 
dx 

de -. 
dY 

go 

B2 

M 

M* 

m 

P 
- 
R 

FORTRAN Definition 

A 

FMTRIX 

A 

B 

C F  

C 

DGODY 

DG1 DY 

DG2DY 

DYDX 

DZDY 

GO 

G1 

G2 

F M  

FMS 

F L O W  

P 

C r o s  s - sect ional  a r e a  

Polynomial  coefficient 

fa(y) ,  defined i n  Appendix B 

fb(y),  defined in  Appendix B 

T h r u s t  c oeff i c i  ent 

Speed of sound 

Differential  of go with r e spec t  to y 

Differential  of g l  with r e spec t  t o  y 

Differential  of gz with r e spec t  t o  y 

Differential  of y with r e spec t  to  x 

Differential  of z with r e spec t  to  y 

f 6  (a, y), defined in Appendix B 

f 7  (go,  y, y), defined in Appendix B 

f 8  ( g o ,  y, y), defined i n  Appendix B 

Mach number  

Reference  Mach number 

M a s s  flow r a t e  

Static p r e s s u r e  

Universa l  gas  constant 

vi 



I 

LIST OF SYMBOLS (Continued) 

Mathematical  

Q 

q 3  

R 

Rt 
Sp. Imp. 

T 

V 

W 

X 

Y 

Z 

Greek  Svmbols 

FORTRAN Definition 

BQ f 5  (M>:<, R), defined in  Appendix B 

QBAR Reference  Mach number  on the ini t ia l  
value cu rve  

Ql f 1 (y, z), defined i n  Appendix B 

Q2 

Q3 

R 

f 2  (y, z), defined in  Appendix B 

f 3  (y, z), defined in  Appendix B 

Radius of cu rva tu re  of the throa t  contour 

RT Throa t  rad ius  

SPIPLS Specific impulse  

T Static t e m p e r a t u r e  

V Velocity 

FMW Molecular weight 

X 

Y 

Z 

CY 

P 

r 
r 

ALPHA 

BETA 

PULSE 

PUSH 

x-coordinate,  pa ra l l e l  t o  the axis  
of s y m m e t r y  

y-coordinate,  n o r m a l  to  the ax is  of 
s ymme tr y 

z = f (x) ,  defined in Appendix B 

Mach angle 

Charac te r i s t ic  coefficient 

T h r u s t  

T h r u s t  

v i i  



LIST OF SYMBOLS (Concluded) 

Mathemat ica l  

- 
Y 

Y 

H 

e 

01 

0 2  

0 3  

h 

P 

Sub sc r ip t  8 

a 

C 

e 

1 

n 

r 

B 

W 

FORTRAN Definition 

GBAR 

G 

H 

THETA 

THETA 1 

THETA 2 

THETA 3 

FLAM 

RHO 

A 

C 

EXIT 

L 

L N  

N 

R 

RN 

S 

WALL 

Average  r a t io  of specific heat  

Ratio-of specif ic  hea t s  

Charac t e r  is t ic coefficient 

Velocity inclination angle 

f, (y, z), defined in  Appendix B 

f 10 (y, y, z ) ,  defined in  Appendix B 

f 11 (y, y, e),  defined i n  Appendix B 

Charac te r i s t i c  coefficient 

M a s s  densi ty  

Ambient  condition 

Denotes chamber  condition 

Denotes condition at the nozzle exit 

Denotes a point on a left-running 
c h a r a c t e r i s t i c  

Average  value of var iab le  between 
points I and n 

Denotes a la t t ice  point 

Denotes a point on a right-running 
cha rac t e r i s t i c  

Average  value of var iab le  between 
points r and n 

Denotes a point on the s ta r t ing  l ine 

Denotes  a point on the nozzle contour 

viii 



A FORTRAN PROGRAM TO CALCULATE 
THE FLOW FIELD AND PERFORMANCE O F  

AN AXIALLY SYMMETRIC deLAVAL NOZZLE 

D. Thompson, E. H. Ingram*, C. T .  K. Young:%, and  J .  B. Cox* 

SUMMARY 

A FORTRAN IV computer  p r o g r a m  was developed for  calculation 
of the flow pa t t e rn  and pe r fo rmance  of axial ly  s y m m e t r i c  deLaval  
nozzles ,  using the axial ly  s y m m e t r i c  method of c h a r a c t e r i s t i c s  fo r  
i sen t ropic  flow. The p r o g r a m  computes  thermodynamic and gas -  
dynamic p r o p e r t i e s  throughout the flow f ie ld  and pe r fo rmance  p a r a -  
m e t e r s  ( e .  g. th rus t ,  specif ic  impulse,  e tc .  ) a t  var ious  s ta t ions.  The 
capabi l i t ies ,  l imitat ions,  optional fea tures ,  physical  s t r u c t u r e  and 
use  of t h i s  p r o g r a m  a r e  desc r ibed  in  detai l .  

INTRODUCTION 

An IBM 7040 FORTRAN IV computer  p r o g r a m  was developed to  
analyze axial ly  s y m m e t r i c  deLaval  nozz les .  
u t i l i zes  the axial ly  s y m m e t r i c  method of c h a r a c t e r i s t i c s  fo r  i sen t ropic  
flow. 

The nozzle  p r o g r a m  

The p r o g r a m  computes  thermodynamic and gasdynamic p r o p e r t i e s  
throughout the flow field and pe r fo rmance  p a r a m e t e r s  ( e .  g. th rus t ,  
specific impulse ,  e tc .  ) a t  va r ious  s ta t ions.  The computer  p r o g r a m  
ut i l izes  the Genera l  Dynamics /E lec t ron ic s  SC-4020 p lo t te r  to produce 
p ic tor ia l  plots  of the c h a r a c t e r i s t i c  ne t  and s t r eaml ines .  

The chemica l  composition of the g a s  i s  a s s u m e d  to  be e i the r  
"frozen" o r  in chemica l  equi l ibr ium. F u r t h e r m o r e ,  f o r  "frozen" 

"&Research Labora to r i e s ,  Brown Engineer ing Company, Inc. 



composition, the specific hea ts  of the gas  m a y  e i t h e r  be functions of 
t e m p e r a t u r e  o r  constants  (per fec t  gas) .  

This  r e p o r t  d e s c r i b e s  the capabi l i t ies ,  l imi ta t ions ,  optional 
f ea tu re s ,  physical  s t ruc tu re  and use of th i s  compute r  p r o g r a m .  The 
r epor t  i s  divided into two p a r t s :  PROGRAM DESCRIPTION and 
PROGRAM UTILIZATION. P r o g r a m  composition, functions of the 
p r o g r a m  components ,  flow cha r t s ,  and FORTRAN l i s t ings  a r e  con- 
tained i n  the first p a r t .  
output, and e r r o r  conditions; the flow field and pe r fo rmance  of a 
per fec t  nozzle a r e  computed as  an  example p rob lem.  

The second p a r t  of the r e p o r t  d i scusses  input, 

The c h a r a c t e r i s t i c  equations:%, pe r fo rmance  re la t ions ,  t ransonic  
flow equations and other  re la t ions coded in the nozzle p r o g r a m  a r e  
given in the appendic e s. 

The  technical  effor t  in  formulating th i s  r epor t  w a s  p e r f o r m e d  by 
pe r sonne l  of the R e s e a r c h  Labora tor ies ,  Brown Engineer ing Company, 
I n c . ,  under  Con t rac t  NAS8-5289. :g:g Technica l  management  of the 
pro jec t  w a s  provided  by Donald D. Thompson,  Advanced Propuls ion  
Section, Engine Sys t ems  Branch ,  Propuls ion  Division, Propuls ion  
and  Vehicle Engineer ing Labora to ry ,  George  C. M a r s h a l l  Space Flight 
Center .  

W3ee Refe rence  1 fo r  a detai led development of the cha rac t e r i s t i c  
unit p r o c e s s e s  and  o ther  n u m e r i c a l  p r o c e d u r e s  which a r e  
ut i l ized in  th i s  compute r  p r o g r a m .  

:g%kReference Brown Engineering Company, Inc. Technica l  Note 
R-82 .  
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PROGRAM DESCRIPTION 

P r o g r a m  Compo sition 

The nozzle a.nalysis program is composed of a main o r  control 

routine and subroutines to  compute the characterist ic net, basic thermo- 

dynamic and gasdynamic functions, streamlines,  an  initial value curve,  

and performance parameter  s. In addition, the program contains two 

non - lib r ar y math emat ic a1 sub routine s , an interpolation sub f unc tion and 

a curve-fitting subroutine. 

Routine and Subroutine Functions 

The Main o r  Control Routine. The main routine is the controlling 

element of the program. The basic functions of the main routine a r e  to 

supply input data to the various subroutines, direct  the entry to the sub- 

routines in a logical pattern,  and process  the output f r o m  the subroutines. 

The procedure by which the main routine per forms these functions 

can be explained by following the construction of the flow net which is 

i l lustrated in FIG 1. 

mation ( see  Input) into core .  

calculations may be made; e. g . ,  if  points on the start ing line have not 

been read in, the main routine will utilize the initial value curve subroutine 

The main routine first reads all necessary infor- 

Depending on the input data, some initial 

to compute these points. The input data is now printed "on line". The 

main routine then proceeds to direct  the construction of the flow net. 

3 
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t Flow Straightening Section 

Figure 1 - Flow Net of an Axially Symmetric Lava1 Nozzle 



Each lattice point* is represented by two subscripts,  I and J, 

where I is the row, shown by the dashed lines in FI-G 1, and J 

designates a cer ta in  point on the Ith row. Note that the matr ix  

representation is  used only for control and identification purposes; 

due to the limitation of storage capacity, 32K, all lattice points a r e  not 

stored. 

sented by x, y, 8,  and M’*) appear in storage with the exception of points 

on the starting line and calculated contour points which a r e  required for 

the calculation of nozzle performance. 

At any time, no m o r e  than two consecutive rows cf points ( repre-  

Beginning with the known points on the initial value curve, AB in 

F IG 1, the lattice points a r e  calculated row wise. Specifically, the 

lattice points (2 ,  l ) ,  (2 ,  2) ,  and ( 2 ,  3 )  a r e  calculated by the character is t ic  

subroutine CASE 1 using the known combinations, (1, 1 and 1, 2) ,  (1, 2 and 

1, 3), and ( 1 ,  3 and 1 , 4 )  respectively. Using points ( 1 , 4  and 1 ,  5) as  input, 

the characterist ic subroutine CASE 2 is used to determine the point ( 2 , 4 ) .  

After the completion of each row, the streamlines f r o m  points on the 

initial value curve a r e  extended f rom the previous row to the new row. 

Thus, at this point, the streamline segments between row 1 and row 2 a r e  

computed by subroutine STREAM. 

compute the points on row 3. 

The points on row 2 a r e  now used to 

Using the known point (2 ,  l ) ,  the boundary 

* A lattice point is the point at which two different-family character is t ics  
inter s ec t. 
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point, ( 3 ,  1) is computed by the character is t ic  subroutine CASE 4. 

lattice points (3 ,  2 ) ,  ( 3 ,  3 ) ,  and ( 3 , 4 )  a r e  next computed by subroutine 

CASE 1 using the combinations (2, 1 and 2, 2 ) ,  (2,  2 and 2, 3 ) ,  and (2, 3 and 

2 , 4 )  respectively. The point on the axis of symmetry,  ( 3 ,  5), is now 

computed by subroutine CASE 3 using the known point (2,4). 

line segments f r o m  row 2 to row 3 a r e  computed. 

The 

The s t ream-  

The odd rows, i. e. when I is odd, contain the same number of 

lattice points and the same type points, i. e. one boundary point, one 

point on the axis of symmetry,  and N-2 field points, as the initial value 

curve. 

curve and the calculation procedure described in the previous paragraph 

is repeated to obtain successive rows. 

Therefore,  row 3 may be thought of as being an initial value 

Normally, the construction of the flow net is terminated when a 

contour point is found beyond the specified nozzle length. 

there  a r e  two exceptions to this termination. 

point on the axis of symmetry may be specified as input to the program. 

In this case,  the flow net will not be computed downstream of the left 

running character is t ic  which originates at the cut-off point. The second 

exception to the normal termination of the flow net occurs  when an  e r r o r  

condition is encountered. For  example, one of the character is t ic  sub- 

routines may .return a bad solution due to the formation of a shock wave 

in the flow field. 

not be computed. 

However, 

A Characteristic cut-off 

In this case,  points downstream of the shock wave will  

When the flow net has been completed, the thrust ,  thrust  coefficient, 

and specific impulse a r e  calculated a t  various stations along the nozzle 

6 



contour and a l so  at the nozzle exit (provided of course  that no e r r o r  

conditions were  encountered during the construction of the flow net). 

During the construction of the flow net, coordinates of the lattice 

points a r e  writ ten on FORTRAN tape 2 and the coordinates of the s t r eam-  

l ines a r e  writ ten on FORTRAN tape 1 .  

the information on tape 1 is t ransfer red  to  tape 2 so that multiple nozzle 

cases  may be processed.  

plotter p r o g r am’::. 

At the end of each nozzle case,  

Tape 2 is then used a s  a n  input tape for the 

Subroutine CASE 1 .  Subroutine CASE 1 uses  two known lattice 

points to  compute a third lattice point by the method of character is t ics .  

The two input points a r e  general  field points. 

can  not be located on the axis  of symmetry.  

improved by successive i terations until an accuracy of i s  obtained 

o r  50 i terations,  whichever comes f i r s t .  The character is t ic  equations 

for  CASE 1 a r e  given in Appendix A. 

However, an  input point 

The flow angle is tested and 

Subroutine CASE 2. Subroutine CASE 2 i s  a lmost  identical to 

subroutine CASE 1. 

of the known latt ice points i s  located on the nozzle axis and the other 

point is located in the field. 

CASE 1 i s  used in CASE 2. 

given in  Appendix A. 

The difference being that in subroutine CASE 2 one 

The same  iteration procedure as  used in 

The character is t ic  equations for  CASE 2 a r e  

. .  

>x The plotter p rog ram i s  an  auxiliary p rogram which uti l izes the General 
Dynamics/Electronics SC-4020 plotter to produce pictorial  plots of the 
flow net. 
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Subroutine CASE 3. Subroutine CASE 3 requi res  only one input 
.~ 

point which is located near  the axis  of symmetry.  This subroutine 

computes the gasdynamic propert ies  at the intersection of the right-  

running charac te r i s t ic  f r o m  the known point with the nozzle axis. The 

reference Mach number, M4, is improved by successive i terations until 

a convergence of is obtained o r  50 i terations,  whichever comes first. 

The character is t ic  equations for CASE 3 a r e  given in  Appendix A. 

Subroutine CASE 4. Subroutine CASE 4 calculates the gasdynamic 

propert ies  at a point on the nozzle contour. 

located at the intersection of the left-running character is t ic  f rom a known 

This point i s  physically 

point (adjacent to  the boundary) with the nozzle contour. Fur thermore ,  

the velocity vector must  be  tangent to the nozzle contour a t  the inter-  

section point (assuming no flow .separation). Therefore,  it i s  essential  

that the nozzle contour be descr ibed accurately ( see  E r r o r  Conditions). 

The initial expansion contour, i. e. the throat section, is f r e -  

quently composed of sections of c i rcu lar  a r c s  (with different radii  of 

curvature).  The flow-straightening section is a lmost  always described 

by numerical  data. Therefore,  the p rogram assumes the initial. expansion 

contour to be  composed of UP to five sections of c i rcu lar  a r c s ,  two being 

located ups t ream of the throat and the other three downstream of it. The 

flow-straightening section is assumed to be described by numerical data. 

However, i f  the lengths of the c i rcu lar  sections downstream of the throat 

a r e  given the values of zero,  CASE 4 a s sumes  the ent i re  contour is 

described by numerical  data. 
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If the left-running character is t ic  f rom the known field point c r o s s e s  

the nozzle contour in  a region described by circular  sections, the exact 

equations a r e  used to  determine the intersection point and corresponding 

contour slope. Curve-fitting techniques a r e  used to determine the inter - 
section point and corresponding slope when the left-running characterist ic 

c r o s s e s  a boundary which is described numerically. 

of the contour which is described by N + 1 numerical points is curve-fitted 

by an Nth degree polynomial. 

a r e  located on both sides of the intersection point. 

The segment of 

The N t 1 points a r e  chosen so that points 

After the inter section point and corresponding boundary slope have 

been determined, the left-running characterist ic equation is solved for the 

reference Mach number on the boundary. The reference Mach number and 

other flow variables a r e  improved by successive iterations until the re fer -  

ence Mach number converges to or  50 iterations, whichever comes 

first.  

The characterist ic equations for CASE 4 a r e  given in  Appendix A. 

Subroutine THERMO. Subroutine THERMO computes the thermo- 

dynamic table for isentropic flow. The chamber pressure ,  chamber 

temperature,  molecular weight (constant), and ratio of specific heats 

(constant) a r e  the necessary input values. 

The subroutine computes up to 80 data points, each data point 

consisting of a p r e s s u r e ,  temperature,  molecular weight, specific heats 

ratio, Mach number, and reference Mach number. The table is computed 

9 



by incrementing the Mach number. In addition, this subroutine computes 

the c r i t i ca l  sonic velocity. 

This subroutine is used only for  the c a s e  of "frozen" composition 

and constant specific heats. F o r  other cases ,  the thermodynamic table 

is specified as input data. 

Subfunction PLTN. Subfunction PLTN pe r fo rms  interpolation 

between any two columns in the thermodynamic table. If the value of the 

independent variable does not l ie within the table l imits ,  a n  e r r o r  message 

will be executed and the subroutine proceeds to pe r fo rm extrapolation. 

Subroutine - STREAM. Subroutine STREAM computes and wri tes  

on tape the coordinates of the s t reamline segments between consecutive 

lattice-point rows. The coordinates of the s t reaml ines  do not appear as 

printed output f r o m  the program but instead a r e  used to construct a 

pictorial  plot of the s t reamlines  by utilizing the General Dynamics/ 

Electronics SC-4020 microfilm plotter. 

Subroutine OPTIMS. Subroutine OPTIMS applies Hall 's theory 

(Reference 2 )  to  compute an  initial value curve.  

input points (equally spaced along the y-axis)  a r e  computed along a 

A specified number of 

constant property line. The par t icular  constant property curve i s  

determined by requiring that the right-running character is t ic  a t  the 

boundary extend downstream of the constant property curve.  

The equations to calculate the start ing line a r e  given in 

Appendix B. 
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Subroutine POLY. Subroutine POLY calculates the coefficients 

of a n  Nth degree polynomial, 1 - -  < N < 7, for  N + 1 consecutive numerical  

contour points . 
The approximate location of a character is t ic  point on the nozzle 

contour is known to l ie between the Ith and ( I  t l)th contour points. 

N t 1 contour points a r e  selected in such a way that, if  a ver t ical  line 

was drawn between the Ith and (I + l ) t h  points, equal number of points 

will be  located on each side of the line i f  N is odd and one m o r e  on the 

left side i f  N i s  even. 

intersection point is located near  the throat o r  near  the nozzle exit. 

The 

Obviously, this procedure must be  modified if the 

The (N + 1)  simultaneous equations a r e  solved by Jordan ' s  

elimination method. 

on the principal diagonal can be zero.  

of this method, subroutine POLY tes t s  the coefficients on the principal 

diagonal; i f  a ze ro  coefficient is found, the corresponding equation will be 

interchanged with the las t  equation. 

This method requires  that none of the coefficients 

Therefore,  before the application 

Coeificients of the polynomial a r e  s tored in mat r ix  form,  

FMTRIX (1,  N + 2 )  . . . FMTRIX ( N  + 1, N + 2) ,  in descending order  of 

the independent variable (e .  g. , Y = AXZ + BX + C; then, A = FMTRIX (I, 41, 

B = FMTRIX (2 ,  4), and C = FMTRIX (3, 4)). 

Subroutine PROPTY. F o r  a known reference Mach number, - 

subroutine PROPTY computes the corresponding Mach number, p re s su re ,  

temperature ,  velocity and density. The thermodynamic tabbe and sub- 

routine PLTN a r e  used. 

11 



Subroutine PERFOR. This subroutine calculates basic  performance 

pa rame te r s  of the nozzle. 

integrating along the initial value curve.  

lated in  two par t s ,  the  contribution of the momentum fo rce  at the throat  

and the contribution of the net p r e s s u r e  forces  acting on the nozzle contour. 

As a result ,  the thrus t  and corresponding values of the thrus t  coefficient 

and specific impulse a r e  calculated at  various stations along the nozzle 

contour. 

Initially, the mass flow ra t e  is determined by 

The thrus t  of the nozzle is calcu- 
, 

The equations used to  calculate the nozzle performance pa rame te r s  

a r e  given in Appendix 

The Plotter P r o g r a m  

C. 

The plotter p rog ram is a separate  auxiliary computer p rogram 

which utilizes the General Dynamics/Electronics SC-4020 plotter to 

produce microfilm plots of the character is t ic  net and s t reamlines .  

nozzle program constructs  FORTRAN Tape 2 as the input for  this program. 

The 

The plotter program uses  basic plotter subroutines which were  

developed by North American Aviation, Inc. for line plots. Detailed 

descriptions of these subroutines a r e  not given in this report .  

1 2  

... . _. . .... , _...._.-..__.. , .. .... ... . .., , . ., ..,,, .111 1."". ,. - II 



MAIN PROGRAM 

11 

I ,  

1 3  

E n t e r  9 3  
From P a g e  2 1  

c - ,. - 



E n t e r  F r o m  P r e v i o u s  P a g e  

1 )  

E c h o  C h e c k  ri 

J = 1 ,  NSONE Q 
FMSFLD 
( 2 ,  J )  = 0 

Continue T"i 

(Next P a g e )  

14 



Enter 45 Fr 
Page 21 

om 
t - 

Y 
DO 20 

J = 1 ,  JEND 

1 

Enter 44 From Page 14 o r  19 

No 
1002 JEND = NSONE - 1 FMSFLD 

Yes (This  Page)  

Define XR, 

YR,M':R, MR. 

'R, X L ,  Y L ,  

M::L, M L ,  eL 

N o  

1 

4 X L  > XNLT Call Subroutine N o  
CASE 2 I 
I I 

K'I'ES'1' -9 
Call Subroutine 

P R  0 P 'T Y 

Write X R ,  YR, X N ,  Y N  
Write XL,  Y L ,  X N ,  Y N  

o n  ?'ape 2 

(This Page) 

15 



Enter From P r e v i o u s  P a g e  

Y e s  - c 

I1 = I t  1 

3 1  

Odd E v e n  

t 

J1 = J  

I 

J l = J t  1 

t L A  t 4  t 

~ 

P r i n t  Informa- 
tion About the  

New P o i n t  

+ I1 = I t  1 

E v e n  

Y F I E L D ( 2 ,  J1) = YN 
F M S F L D ( 2 ,  J 1 )  = M‘:” 

I 

Con t i n tie T 

16 
(Page 18) 



E n t e r  F r o m  P r e v i o u s  P a g e  

C a l l  Subrou t ine  
P R O P T Y  

o n  T a p e  2 

1 
1 

I x = Y E X I T ~ I I M N Z -  1 t XN 

KCHECK = 2 

XFIELD(2 ,  NSONE) = XN 
YFIELD(2 ,  NSONE) = YN 

F M S F L D (  2,  NSONE) = M"N 
THETAV(2,  NSONE) = 8N 

,, 
K = l  

71 

I1 = I t 1  

1, 

17 



IlllIllIlllllIlllIlI lIIllIll111l1 I I I1 I 1  I 

E n t e r  Fpom P r e v i o u s  P a g e  

Call  Subroutine 
S T R E A  M 

DO 2004 
J = 1 ,  NSONE 

(Next  P a g e )  

18 



Enter 2004 From Previous Page 

1 

=1 
c - ’  

= O  

19 

M N  = 0 
MX” = 0 
PN = 0 
TN = 0 
VN = 0 

P N  = 0 



Enter F r o m  Previous Page 

JLAST = JLAST t 1 
XCWALL(JLAST) = XN 
YCWALL(JLAST) = YN 

+ 
Find FMWALL(JLAST) and 
PWALL(JL,AST) by Enter - 

ing Thermodynamic 
Table with M'FN 

F r o m  Page  19 

FMSFLD(2, 1 )  =M':'N, THETAV(2, 1 )  = B ~ J  

Pr in t  Information About the 
New Point on the Contour 

7 1  

JEND = NSONE - 

I 0 Page 

20 



I 

1 1  

Enter F rom Previous Page 

I 
- - No 

(Page 15) 

I 

I I 
Store All Information 

of Calculated Contour Points 

Call Subroutine 
PERFOR 

Prepare  Tape 2 P 
Move Information From I Tape 1 to  Tape 2 

I 

(Page 13) 

21 



1 l 1 1 l 1 l l 1  Ill I I1 I 1  

Enter F r o m  Previous Page 

Pause 77777 +I 
Unload and Save Tape 2 r - l  for SC-4020 Plotter 

Call EXIT * 
22 



SUBROUTINE CASE1 

Entry 

Input Arguments XR, YR, 

M vs M:X Relations, 
NTABLE 

MR, XL, yL#  ML, eL’ 

KTEST = 0 * c 

r l p { y L 1  XN, *Rl Y N ,  HL‘ MJ: z ’ 8 N t  1 
Using Eqs. 1 Through 13 

(Page  24) 

23 



Find M N  F r o m  
Thermodynamic 

Table (09. 14) 

ICOUNT = ICOUNT t 1 I 1  

No 

Find M N  F r o m  
Thermodynamic 

I Table (09. 14) I 

f 

B N i - I ,  Usin E s. 1 5  Thru  30 .  L 

24 



SUBROUTINE CASE3 

Entry 

1 
Input Arguments XR,  

Y R ,  MR, e R , M  VS M':' 

relations, NTABLE 
I 

ICOUNT = 0 @ 

0 Page 

2 5  



l11111llIIIll11llIl IIIIIIII I I I 1  

Enter from Previous P a g e  

Y e s  - 
r 

f ,  

I 

el R E T U R N  

I using Eqs. 9 - 1 7 .  

Y e s  
-c R E T U R N  

L 

ICOUNT 2 50 

ICOUNT = ICOUNT t 1 1 
( P a g e  25) 

26  



! 

N P 1  = N t 1 

ICOUNT = 0 
KTEST = 0 

Calculate aL, pL., M*L, I HL, hL, Using 
Eqs. 1 Thru 5 I- - t I Construct the Left 1 

( P a g e  29)  Running Character is t ic  

27 

I 



Enter  F r o m  Previous Page 

1 

Find XN, Y N  and O N  of the inter-  
section point of the left running 

line and the nth order  poly- 
nomial of the contour with which 

the former  in te rsec ts  
- _- - - 

. 

t 

28 



Enter  F r o m  Previous Page 

I No 

ICOUNT = ICOUNT t 1 -7 

(Page  27) 29 



SUBROUTINE THERM0 

Entry 

Input Arguments y, W ,  I Number of Points 

AM = 0 . 1  9 
I = 1, 

NTABLE 

M(1) = 1 . 0  t (1-1) * AM * 
0 Page 

30 



Enter  From Previous Page 

GAMMA(1) = 

I 

E L  Return 

31 



SUBROUTINE PLTN 

t 
1 = 2  

e t 
i 

Entry 

DO 240 
I = 1, 

NTABLE NTABLE 
FM2(1) > FM2 

DO 10 
I = 1, 

< 
Continue Continue 

(This Page) 

I = NTABLE 
1 I I 

. 

(FMl(1) - FMl(1-1)) * (FM-FM2(1-1)) + FM1(I- l )  
- .  . . 

FM2(I) - FM2(I - l ) - ’  

I .. . . .  

I 
Return I 3  

32 



SUBROUTINE OPTIMS 

I, 

A Enter  5 f rom 
\ 

7 1  Page  3 4  

33 

_ -  _ .  

I 

I 

Find z ,  q l ,  q 2 ,  
q 3 ,  a n d q  

- 

1 1  



Enter F rom Previous Page 

!I 

> 
L r 

= - - 
T I  t l  

__ 

t _ _  - - 
ICOUNT = ICOUNT t 1 Find M, a, THETAS(l), BQ, 

- 

go, dgJdy, dg1 IdYS dg2 IdY, 
1r 

- __ 

y = (y -t g / 2 .  
b - _ _  

11 

T = A -  

dzldy. dyldx, A 

- --___ 

- 

I THETAS(1) - a1 
- 

34 



Enter E From 
Previous P a g e  

1 

1' 

Enter F From 
Previous Page 

I 
NSONE 

1 ;, 
NSONE- 1 

1 - 

I 1 YSAUER(I) = YSAUER(I)  

XSAUER(I) ,  e ,  e 2 ,  e ,  , 

1 

Enter G F r o m  
Previous Page 

ITEST = 

(Page 3 3 )  

35 



Enter 78 From Previous Page 

Return 

36 

E l  



SUBROUTINE STREAM 

!I 

. .. Entry 

YTEST = 10. * YFIELD(2,l)  

NMONE = NSONE - 
-. .. - 

t YSTR(J) + Y e s  
THSTR(J) = 0 

* 

1 No 

(Page 42) 1 

(Next Page) 

37 



Enter From Previous Page o ~ 9 . Z  

J 1  = JSTART, 

+ 
No 

(Page  40) 

Point XNEW, YNEW 

38 



Enter From Previous Page 

NTOTAL = NTOTAL -I- 1 
XSTR(J) = XNEW 
YSTR(J) = Y N E W  
YTEST = YNEW 

Write Coordinates 
of Two Points on the 

Same Streamline 
on Tape 1 

Calculate THSTR(J) 
by  Linear 

Inter polation 

(Page  41) 

39 



Enter From Page 38 

1 
Message 

Enter 28  
From Page 37, 38 

DO 21 
I = J ,  NMONE I 
YSTR(1) = 0. 
THSTR(1) = 0. 

Continue 

Return 

40 



Enter  50 From P a g e s 8  * -* 

Continue 0 

*I Calculate 

< - - 
t- 
A .  

E r r o r  
Message 

.__I” ..b _._- 
W 1- i t  e Coo r di  n a  t e s 

of Two Points on the 
Same Streamline 

Enter 45 
From Page 42 

NTOTAL = NTOTAL + 1 

YSTR(J) = Y N E W  
XSTR(J) = SFIELD(2, N t 1) 

THSTR(J) = THETAV(2, N t 1 )  

Enter 5 
k-.Frorn Page 39, 4 2  

Continue m 
r - l  Return 
I I 

41 



Enter  H F r o m  Page 

> 

(Page 38) (Page 41) < 

- -_ 

I No 

KI = 0 8 
( P a g e  3 8 )  

Yes 

Write Coordinates 
of the Two.Points on 
the Same Streamline 

on Tape 1 

t 
- 

NTOTAL = NTOTAL t 1 
XS'I'R(J) = XFIELD(2, 1 )  
YSTR(J) = YFIELD(2, l )  

THSTR(J) = THETAV(2, 1 )  
YTEST = YNEW 

(Page 41) 

42 



SUBROUTINE POLY 

Entry I 
Input Arguments .. N, Contour 
Points and L(L is such that the 

between Lth and L + 1)th 
intersection point is located 

points of the contour) 

NP1 = N t 1 
N P 2  = N t 2 

0 Page 

43 



Enter From Previous Page 

DO 100 
I = 1 ,  

] FMTRIX(1, N P 2 )  = YC(N1) 

NI = NI  t 1 0 
t 

Continue 

44 



Enter From Previous Page 

I Yes 

Interchange the Equation 
where the Previously Mentioned 

Coefficient is Found with 
the Las t  Equation 

No 1 6 Page 

45 



Enter From Previous Page 

t 
DO 110 

K = l ,  N P l  

1 

K1 = K t  1 

I 

FMTRIX(K, J )  = 
FMTRIX(K, J)  /FMTKIX(K, K) 

FMTRIX(K, K) = 1 Q 
Next  

46 



Enter From Previous Page 

I No + 

FMTRIX(1, J )  = FMTRIX(1, J) 

FMTRIX(1, K) :I: FMTRIX(K, J )  

t 

I 
Continue 

t 
Continue 

Return 
FMTRIX 

47 



S U B R O U T I N E  P R O P T Y  

48 

Entry 
I - 

Enter Thermodynamic 
Table with Mn” to  Obtain 
PN, TN, MNI YN, WN 



SUBROUTINE PERFOR 

Entry 

N P 2  = N + 2 
; n = O  
rs = o 

Calculate aver  ag e prop e r  t ie  s 
pS, T s ~  Ys* ws* ' S S  v S s  P 

between. two suc c e s sive 
points on the starting line 

Calculate average 
flow angle 8 v  and 

I 

VN=Vs .  C O S  (ON - 8 v )  

0 Page 

49 



Enter from Previous Page 

Construct an nth order  
polynomial embracing 

contour points (J- 1 ) 
~ 

and (J). P = f ( y )  

+ C nt inu e 

PUSHSW(J) = rc t rs t 7T pa Y W A L L ( J ) ~  
.. 

rc = o 9 
~ 

D o  104 
J = 2 ,  JLAST 

1 

a Continue 

Page 

50 



Enter from Previous Page 

Interpolate to make the last 
contour points identical 

Arrange and 
print  output 

51 



F O R T R A N  1 V  PROGRAM L I S T I N G  OF S P - 3 7  M A I N  PROGRAM 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

P H O G K A M  S P - 3 7  I S M  7040 C O M P U T E R  S Y S T E M  AUGUST,  1963 

A F O R T R A N  I V  C O M P U T E R  PROGRAM TO C A L C U L A T E  F L O W  P A T T E R N  A N D  

P E R F O R M A N C E  P A K A M E T t R S  F O R  A X I A L L Y  S Y M M E T R I C  N O Z Z L E  ( B A S E D  ON 

M E T H O D  OF C H A R A C T k R I S T I C S  A N D  U T I L I Z I E S  SC-4020 P L O T T E R  TO 

C O N S T R U C T  P L O T S  OF T H E  C H A R A C T E R I S T I C  NETWORK A N D  S T R E A M L I N E S .  

FLOW A S S U M E D  TO t3E S U P E K S O N I C t  S T k A D Y ,  I R R O T A T I O N A L ,  C O M P R E S S I B L E ,  

A N D  SHOCK-FREE.  THE C H E M I C A L  C O M P O S I T I O N  IS  A S S U M E O  TO BE F R O Z E N  

OR IN C H E M I C A L  I i U U I L I B K I U M .  

D E V E L O P E 0  B Y  THL GASDYNAMICS/THtHMOCHEMISTRY L A B O R A T O R Y  OF 

BROWN E N G I N t E R I N G  COMPANY,  l N C .  

PROGKAMMED B Y  C A R L  T.K. YOUNG 
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F O R l R A N  1 V  PROGRAM L I S T I N G  OF S P - 3 7  M A I N  PRUGRAM 

R E W I N D  2 

C 

C R E A D  IN NUMUER UF C A S E S  T O  t)E R U N  

C 

R E A D  (5,553) N D A T A  

553 F O R M A T  ( 5 1 5 1  

WRITE ( 2 , 5 5 3 1  PIDATA 

N C A S E  = 1 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

KT C O N T R O L S  INPUr OF T H E K M O D Y N A M I C  D A T A -  K T  = I F U R  B E I N G  

H E A D  IN.  K T  = 0 F O R  A D I A B A T I C  FLOW,  W I T H  C O N S T A N T  M O L E C U L A R  

W E I G H T  A N D  S P E C I F I C  H E A T S  K A T I O  T O  BE R E A D  IN. KT = 2 FOK U S I N G  

T H E  SAME T H t K M O O Y N A M l C  D A T A  A S  T H E  P R k V I O U S  R U N  

KC C O N r K O L S  I N P U T  OF CONTOUR P O I N T S .  KC = 1 F U R  B t I N G  R E A D  IN. 

K C  = 0 FOR U S I N G  THE SAME CUFJTOUR A S  T H E  P R E V I O U S  R U N  

K S  CUNTHCILS S T A K T I N G  L I N E .  K S  = 1 FOR B E I N G  R E A D  IN. K S  = 0 

F O R  UEI I JG C A L C U L A T E D  B Y  S U B R U U T I N E  O P T I M S .  K S  = 2 F O R  U S I N G  T H E  

SAME S T A R T I h G  L I N E  A S  T H E  P K L V I O U S  R U N  

9 3  R E A D  (5,553) K T r  KC,  K S  

R E A D  N U M b E R  O F  I N P U T  P O I N T S  UF T H E H M O D Y N A M I C  D A T A ,  ON T H E  

N O Z Z L E  CONTOUR,  UN THE S T A K T I N G  L I N E  A N D  T H t  ORDER UF P O L Y N O M I A L  

5 3  



I I I ,1111 I, ,,,,,,1“111 ,111 1111 1 1 1 1 I 1 1 1 1 1 1 1 1 . -  I I . I . I I111111.1- “.#---.I. -.-...-, ,, ............-- 

FORTRAN I V  PROGHAM L l S l l N G  OF SP-37 MAIN PROGRAM 

C TO BE USED ON THE NOZZLt CONTOUR 

C 

READ ( 5 , 5 5 3 )  N l A B L t ,  NCT,  NSUNE, N 

C 

C READ AMBIENT PRESSURE, CHAMatR PRESSURE AND TEMPERATURE 

C 

READ ( 5 . 5 5 2 )  P A ,  PC, TC 

552  FORMAT ( 6 F 1 0 . 7 )  

C 

C READ THkRMODYNAMIC DATA 

C 

I F  ( K T  - 1 )  7 5 4 ,  7 5 3 ,  7 3 5  

7 5 3  DO 9 7  i = 1 9  NTAtiLE 

9 7  READ ( 5 , 5 5 2 )  P ( 1 ) r  T ( I ) ,  F M W [ I ) ,  G A M M A ( I 1 ,  F M V E C ( I 1 ,  F M S T A H I I )  

T 1  = P L T N ( l . O , T , ~ M V E C , N T A ~ L ~ )  

FMWl = P L l N ( l - O , ~ M W , F M V E C I N T A ~ L E )  

G1 = PLTN(l.OvGAMMA,FMVtCvNTABLEl 

CSTAR = S d R T ( 3 2 . 1 7 4 ~ 1 5 4 6 . 3 3 6 ~ G l ~ T l / f M W l )  

GO Ti) 7 3 5  

C 

C READ SPECIF IC  HtATS R A T I O  ANI) MOLECULAR WEIGHT 

C 

7 5 4  READ (5,552) Gv W 

CALL T H ~ R M O ( N T A ~ L E , G f W t P C ( T G I P I T I F M W , G A M M A , ~ M V E C . F M S T A R , C S T A R )  

735 CONTINUE 
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F i l R r K A N  1 V  P R O G R A M  L I S T I N G  OF S P - 3 7  M A I N  P K U G R A M  

R E A D  S Y M B O L  A N U  S C A L E S  LJf- C U O R D I N A T E S  T O  B f i  U S C O  F U R  SC-4020 

P L O  r TEH 

R E A D  ( 5 , 5 1 1 )  I S Y M ,  X C L ,  XCR,  Y C B ,  Y C T  

5 1 1  F O R M A T  ( 1 1 0 ~ 4 F L b . 5 )  

W I t I T t  ( 2 , 5 1 1 )  I S Y M .  X C L ,  XCI I ,  YCIJ, Y C T  

K E A O  D I F F t R E N T  K A D I I  A N 0  T H t r I K  R A N L t S  U F  THE N O L Z L E  W A L L  

IN THE N E I G H O U R H U L I D  U F  T l i t  K I i R O A T  

R E A D  T H K L I A T  R A D I U S I  A R k A  R A T I O ,  N U Z L L t  L E N G T H  AlJD A S P E C I A L  

F A C T O R  rJt-iICH OfClOtS THt' C U T - O F E  P L I I N T  UN T H t  A X I S  

R E A D  ( 5 , 5 5 2 )  R T ,  AKAIIU, XNLIH, ANL 

K e A D  P O I N T S  ON TI-lk N U Z L L t  C U N T O U l l  

I F  ( K C )  9 2 1 ,  921, 9 2 2  

9 2 2  00 7 0 5  1 = 1 ,  N C T  

705 K E A 0  ( 5 . 5 5 2 )  X W A C L ( I ) ,  Y W A L C I O  

9 2 1  I F  (KS - 1 )  7 3 4 9  7 3 3 ,  7 4 2  
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F O R T R A N  1 V  P K O G K A M  L I S T I N G  O F  SP-37 M A I N  PRc lGRAM 

7 3 4  R E A D  (5,552) S I G M A  

CALL O P T I M S I S I G M A , K P X 3 ~ F M V E C ~ F M S ~ A R ~ G A M M A ~ N T A B L E ~ X P ~ ~ F M S U E R ~ R T ~  

1 NSONE,XSAUCR,YSAUEK,THETAS)  

00 2 7  J = 1, NSONE 

2 7  F M S A U R I J )  = F M S U e K  

GO T U  7 4 2  

7 3 3  DO 7 0 4  J = 1, N S O N E  

R t A D  ( 5 , 3 5 2 1  X S A U E K ( J 1 ,  Y S A U L R ( J ) r  T H E T A S ( J 1 ,  F M S A U K ( J 1  

T H E T A S ( J 1  = T H E T A S ( J 1  it P I  / 180. 

704 C O N T I N U t  

F M S U E K  = F M S A U R (  1)  

7 4 2  C O N r I N U t  

Y E x I r  = K T  * SQKT(ARATIO) 

X T  = 0. 

C 

C P R I N T  I N P U T  D A T A  

C 

W K I  I €  ( 6 , 6 0 0 )  

600 F O R M A T  ( I H l , S X , 2 5 H I N P U T , D A T A  A R E  A S  F O L L O W S / / )  

W R I T t  (6,601) P A  

601 F O R M A T  ( L H 0 , l O X t Z Z H A M B I L N T  P R E S S U R E ,  P A  = * F 1 2 . 7 , 5 H  P S I A )  

W R I l ’ t  ( 6 , 6 0 2 )  P C  

602 F O R M A T  ( l H O , l O X p 2 Z H C H A M H E R  P R E S S U R E ,  P C  = , F 1 2 . 7 , 5 H  P S I A 1  

W R I T E  ( 6 , 6 7 5 1  T C  

675 F O R M A T  ( L H 0 ~ 7 X , 2 5 H C I i A M B E R  T E M P E R A T U R E ,  T C  = r F l 2 - 7 , 9 H  D E G R E E  R )  
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F O R C R A N  I V  P R O G R A M  L I S T I N G  O F  SP-37  M A I N  P R O G R A M  

W H I T E  (6,603) R T  

603 F O R M A T  ( l H O ~ 1 3 X ~ 1 9 H T H H O A T  R A O I U S r  R T  =rF12.7,4H IN.) 

W R I T E  ( 6 , 6 1 7 )  X N L T H  

617 F O R M A T  ( l H O , l O X ~ 2 2 H N O Z Z L E  L t N G T H ,  X N L T H  =,F12.794H IN.) 

W R I T E  (6,604) A H A C I O  

604 F O R M A T  ( l H O , 1 3 X , 1 9 H A K f A  K A T I U ,  A E / A T  = , F L 2 . 7 )  

W R I T E  (6 ,605)  

605 F O R M A T  ~ L H O ~ l O X , 4 4 H R A O I I  OF T H t  N O Z Z L E  W A L L  I N  T H E  N E I G H B O H H O O D ~  

1 24H O f  T H E  T H H U A T .  A S S U M I N b / L l X p 2 4 H A L L  T H E  C E N T E R S  OF R A D I I ,  

2 46H L I E  O N  T H E  Y - A X I S ,  A N D  T H E I H  E F F E C T I V E  R A N G E S / / )  

W R I T t  (6,606) R N X L ,  X N l ,  X N Z  

W R I T E  (6,606) R N X 2 ,  X N 2 r  X T  

W R I T t  (6,606) R P X 1 ,  X T ,  X P 1  

W R I T E  (6 ,606)  K P X 2 r  X P l r  X P L  

W R I T E  (6 ,606 )  HPX39 X P 2 9  X P 3  

606 F O H M A T  ( 1 1 X ~ 8 H K A O l U S  = ~ F 1 0 . 7 ~ 1 X ~ 3 H I N . ~ l X ~ l 3 H f O R  X B t T W E t N , F l 2 . 7 ,  

1 l X , 3 H I N . , l X 1 3 H A N D , 3 X r F l O o 7 , 4 t i  IN .  1 

W H I T E  ( 6 , 6 0 9 1  

609 F O R M A T  (lH1,7X~lMHTHtKMODYNAMIC D A T A / / / 1 6 X , B H P R E S S U K E , 5 X p  

1 11HIEMPEKATURt,3X~12HMOLtCULAR W T , S X , ~ H S P E C I F I C , ~ X I ~ H M A C H  NO, 

2 9 X , 2 H M + / 1 7 X , 6 H ( P S I A ) , ~ X , l O H ( D E G R € E  R ) r 3 X , 1 2 H ( L B / L B - M O R E ) , 3 X ,  

3 l l H H t A T S  R A T I O / / )  

J = l  

DO 9 5  I = 1 ,  NTABLE 

I F  ( I  - 50 J )  Y 5 ,  951 331 
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F O R T R A N  1 V  P R O G R A M  L I S T I N G  OF SP-37 M A I N  P R O G R A M  

331 W R I T E  (6.662) 

J = J + L  

95 W R I T E  (616101 P ( I ) p  T ( I ) r  F M W ( I ) p  G A M M A ( I ) r  F M V E C ( I I 1  F M S T A R ( 1 )  

610 F O R M A T  ( L l X ~ F 1 4 o 7 r F 1 5 . 7 r 4 F L 4 . 7 )  

662 F O R M A T  ( 1 H l  1 

W R I T E  (616L9) C S T A R  

619 F O R M A T  ( / / / L O X ~ Z Y H C K I T I C A L  S U N I C  V E L ( 1 C I T Y v  C +  =,F14.7p7H F T / S E C )  

W R I T E  (6,607) 

607 F O R M A T  ( L H l p 7 X , 3 4 H P O I N T S  DEFINING T H E  N O Z Z L E  C O N T O U R  / / l H O ~ L 7 X ~  

1 l H X , 1 1 X , L H Y / 1 6 X ~ ~ H ( I ~ ~ ) ~ 7 X ~ ~ H ( I N o ) / )  

B O  94 I i- 1 9  N C  T 

94 W K I l E  (69108) X W A L L ( 1 ) r  Y W A L L ( 1 )  

6 0 8  F O R M A T  ( l l X , 2 F l 2 . 7 )  

DO 96 J = 1, N S L J N t  

X F I E L D ( 1 r J )  = X S A U E R I J )  

Y F I t L D ( 1 , J )  = Y S A U t R ( J )  

T H E T A V (  1, J )  = T H E T A S (  J )  

96 F M S f - L D ( l r J )  = P L T N ( F M S A U K ( J I , F M S T A R p F M V E C r N T A B L E )  

W R I T k  (6,611) 

611 F O R M A T  ( l H l r 7 X ~ 2 7 H P O I N T S  O N  THE S r A R T I N G  L I N E / )  

I F  ( F M S A U R ( 1 )  - F M S A U H ( N S 0 N E ) )  7439 7441 743 

744 C O t J T I N U t  

F M S S E R  = P L T N I F M S U E R , F M S T A R , F M V E C , N T A B L E )  

P S A U E K  = PLTN(FMSUERpP,FMVEC,NTAl3LE)  

T S A U t R  = Y L T N ( F M S U E R , T I ~ M V E C r N T A B L E )  
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I -OHTRAN 1 V  PKOGHAM L l S T I N G  O F  S P - 3 7  M A I N  PROGRAM 

t M W S = P L T N ( F M S U r K , F M W ~ F M V E L t N T A B L k )  

GSAUER = P L T N ( F M S U t R t 6 A M M A p F M V E C I N T A B L t )  

C S A U t R  = S Q K T ( 3 2 . 1 7 4 + 1 5 4 6 . 3 ~ 6 * G S A U E R * T S ~ U E R / F M W S )  

V S A U t R  = C S A U E K  F M S U t K  

K H U  = 144.0 * P S A U t H  * FMWS / (1546.336 T S A U E R )  

W R I T E  (6,612) F M S U E R  

612 FORMAT ( l H 0 , 2 1 X , l O H M A C H  NO- = t F 1 4 - 7 )  

W R I T t  (68681)  F M S S E R  

681 F O R M A T  ( 2 8 X , 4 H M *  = t F 1 4 . 7 )  

W R I T E  (6,6141 G S A U E R  

614 FORMAT ( l L X ~ 2 L H S t ' t C I F I C  H E A T  R A T I O  = r F l 4 . 7 )  

W R I T t  (6,613) P S A U E H  

613 FORMAT ( 2 2 X 9 1 O H P R L S S U R E  = t F l 4 . 7 r 5 H  P S I A )  

W R I T E  ( 6 , 6 8 4 1  T S A U E K  

684 FORMAT ( 1 9 X , 1 3 W l t M P E K A T U K E  =,F14.799H O & G R E t  R )  

N K I T t  (6,682) C S A U E K  

682 FORMAT ( l 6 X l 1 t H 5 0 N I C  V t L O C I F Y  =,F14.7,7H F T / S E C )  

W R I T E  ( 6 ~ 6 8 3 )  V S A U E R  

683 FORMAT ( 2 2 X 9 1 O H V t L O C I T Y  = r F 1 4 * 7 t 7 H  F T / S E C )  

W R I T E  (6,689) R H U  

689 FOKMAT ( 2 3 X , 9 H O t h S l T Y  = t f 1 4 * 7 r l O H  L B M / C U - F T )  

W R I T t  ( 6 ,685 )  I-MWS 

685 FORMAT ( 1 4 X , 1 8 H M O L E C U L A K  WEIGHT = t F 1 4 - 7 r L 2 H  L B M / L B - M U L E )  

W R I T E  ( 6 p 6 1 5 1  

615 FOKMAT ~ / / 1 H O ~ l U k r l H X t l l X t L H Y I 9 X I S H T H E T A / L 7 X I 5 H T H E T A / l 7 X ~ 5 H ~ ~ N ~ ~ ~ 7 X ~ 5 H ~ I N ~ ) ~  
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F G R T R A N  1 V  P K O G R A M  L I S T I N G  O F  SP-37 M A I N  P R U G R A M  

L S X ~ 9 H ( D t G R t E S I / )  

00 32 J = 1 9  NSUNE 

T H t T A S ( J )  = T H E T A S ( J I  * 180. / P I  

W R I T t  ( 69616)  X S A U E R I J I r  Y S A U E R ( J ) r  T H E T A S ( J 1  

32 T H E T A S I J )  = T H € r A S ( J )  * P I  / 180- 

616 F O R M A T  ( 1 2 X 9 4 F L 2 .  7 )  

GO T U  147 

743 C O N r l N U t  

W R I T E  ( 6 9 6 1 1 5 )  

6115 F O R M A T  ( l H O ~ l H X ~ l H X ~ L I X ~ l H Y ~ Y X ~ 5 H T ~ t T A ~ 9 X t L H M / L 7 X ~ 5 H ~ I N ~ I ~ 7 X ~  

1 5 H ( r N . ) , ~ X , 9 W ( u t G K E t S / )  

DO 3 1  J = 1 ,  N S U N L  

T H E T A S I J )  = T H t T A S I J )  it 180- / P I  

W R I T E  ( 6 9 6 1 6 )  X S A U t H I J I r  Y S A U E R ( J ) ,  T H E T A S I J I r  F M S A U H ( J 1  

3 1  T H E T A S I J )  = THLTASIJ) P I  / 180. 

747 C O N T I N U t  

N M O N t  = NSONE - 1 

00 241 J = 29 NMUlvE 

X S T R  I J 1 = X S A U t H  ( J 1 

Y S T R I J )  = Y S A U E H ( J 1  

241 T H S l H ( J )  = T H E I U S I J )  

W R I  T t  ( 6 , 6 7 1  1 

6 7 1  F O R M A T  ( L H L , l X , ~ S H C A L C U L A T t O  P O I N T S  A R R A N G E D  ROW W I S t / /  

1 3x9 1 H I  , L X ,  l t i J  9 7 x 9  L H X 9  10x9 1 l i Y  9 L O X ,  L I iM ,  1 0 x 9  2HM+, 7x9 5 H T H E T A , 8 X r  lHT, 

2 8 X ~ L H P 9 H X ~ L H V ~ ’ , X 9 7 t i O t N S I T Y ~ 3 X r 9 H T O L t R A N C € r 2 X ~ 9 H I T t ~ A T I O N ~ 2 X ~  
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F O R T R A N  I V  PKOGRAM L I S T I N G  OF SP-37 M A I N  PHUGRAM 

C 

C 

276 

78 

44 

45 

30 1 

32 A 

61 

I 



FORTRAN I V  PROGRAM L I S T I N G  O F  SP-37  M A I N  PRUGRAM 

YL = Y F I E L D ( l , J + l )  

FMSL = f M S F L O ( l , J + l )  

FML= P L T N ( F M S L , F M V E C , F M S T A R , N T A B L E )  

THETAL = T I I E T A V ( L , J + l )  

IF ( X L  - XNLTH) 3 0 3 ,  3 0 3 ,  3 2 2  

303 IF ( X R  - XNLTH)  302, 302, 1 0 0 2  

3 2 2  IF ( J  - 1 )  3 0 2 ,  3 0 2 9  1 0 0 2  

302 I F  ( Y L )  5 ,  5 ,  10 

10 CALL C A S E l ( X R , Y R , F M R , T H E T A ~ ~ , X L , Y L , F M L , T H E T A L , F M S T A R , F M V E ~ ~  

1 N T A ~ L E , X N , Y N , F M S N , T H ~ T A N , D ~ L T A , I C A S E I C O U N r , K T ~ S T )  

GO TU 306 

5 CALL C A S t 2 ( X K , Y H , ~ M H , T H t T A ~ , ~ L , ~ L , F M L , T H E T A L , ~ M S T A ~ , F M V E C ,  

1 N T A ~ L E , X N ~ Y N ~ T M S N ~ T t ~ ~ T ~ N ~ D t L T A ~ I C A S E ~ I C ~ U N T ~ K T ~ S T ~  

306 I F  ( K T k S T )  1001, 1001, 1002 

1002 FMN = 0- 

FMSN = 0. 

PN = 0 .  

TN = 0, 

VN = 0. 

KHUN = 0. 

GO TO 1 8  

1001 CALL P K O P T Y ( F M S N , P , T , F M W , G A M M A , ~ M V E C , F M S T A K , N l A ~ L ~ , ~ N , l N , V N ,  

1 KHUNpFMN) 

W R I T E  ( 2 , 5 5 2 )  X R ,  Y K ,  XrV, YN 

W H I T E  (2,552) XL, Y L t  XN,  YN 
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FOKrKAN 1 V  PROGRAM L I S T I N G  OF SIJ-37 M A I N  PHUGRAM 

2100 K = 0 

GU TU 2009 

5 9  GO TU ( 1 3 1 , 3 1 3 ) r  KLHtCK 

7 3 1  I F  ( F M S ~ L D ( L ~ J E I J U + L ) )  3 3, 31 , 55 
55 I F  ( X L  - XNLTH)  3239 313, 313  

323 CALL C A S E 3 ( X L , Y L , F M L , T H L T A L , ~ M S T A ~ , F M V ~ C , X N , Y N , F M S N , T H ~ T A N ~ N T A B L E ~  

1 DELTA, l C A S t r  I C U U N T , K T E S T )  

I F  ( K T E S T )  2003, 2003s 313  

313 FMN = 0. 

FMSN = 0 .  

PN = 0 .  

TN = 0, 

VN = 0. 

KHUN = 0 .  

GO T O  3 0 7  

2 0 0 3  CALL P ~ ~ O ~ T Y ( F M S N t P , T , ~ M W , G A M M A , F M V ~ C t F M S r A R , N r A ~ L € t ~ N , r N , V N ,  

1 KtiUN,FMIV) 

W H I T t  (2,552) X L ,  YL,  XN, YN 

X = Y E X l r  S Q K T ( t M N * F M N - l , )  + XN 

IF ( X  - ANL * X N L l H )  307t 7 3 2 ,  732  

732 KCHtCK = 2 

307  X F I k L D ( 2 , N S O N E )  = XN 

Y F I E L D ( 2 , N S O N E )  = YN 

FMSFLD(2 ,NSONE)  = FMSN 
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FORTRAN I V  PROGRAM L I S T I N G  OF SP-37 MAIN PROGRAM 

THE T A V  ( 2 9 NSONE 1 = T t t t  TAN 

K = l  

I l = I + l  

I F  ( F M S F L D ( l , J E N D + l ) )  2009,  2009 ,  2 0 0 8  

2008 I F  ( X L  - XNLTH) 2222, 2009, 2009, 

2222 NPRINT = NPRINT + 1 

THETAN = THETAN 100. / P I  

I F  (NPRINT - 5 2 )  821, 821, 822  

822 NOEL = NPRINT - 5 3  - 5 6 + ( ( N P R I N T - 5 2 ) / 5 6 )  

I F  (NOELL 821. 823. 621 

8 2 3  W R I T E  ( 6 9 6 8 6 1  

8 2 1  WRITE ( 6 . 6 7 0 )  Il,NSONE,XN,YN.,FMN.FMSN,THETAN,TN,PN,VN~RHUN,DELTA, 

1 ICUUNT,KTEST 

THETAN = rHETAN * P I  / 180. 

2 0 0 9  I = 1 + 1 

CALL S T K E A M ( X F l t L D ~ Y F I E L D , F ~ ~ F L O ~ T H ~ T A V ~ K ~ N S O N E ~ X S T R ~ Y S T ~ ~ T H S T R ~  

1 NTOTAL) 

DO 2004 J = 11 NSONE 

X F I E L D ( 1 . J )  = X F I E L D ( 2 , J )  

Y F I f L D t l v J I  = YFLELD(2rJ) 

FMSFLD(1,J) = kMSFLD(2,J )  

THETAV(1,J) = THETAV(2.J) 

2004 FMSFLD(2.J) = 0. 

I f  ( I  - ( I / 2 ) + 2 )  25, 25, 44 

25 I F  ( F M S F L D ( 1 , l ) )  40, 40r 4000 
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FORTRAN 1 V  PKOGKAM L I S T I N G  OF SP-37 M A I N  PROGRAM 

4000 XL = X F l t i L D l l ~ l l  

YL = Y F l E L D ( 1 , l )  

FMSL = F M S F L D l l r l )  

FML = PLTN(FMSL,FMVEC,FMSTAR,NTAOLE)  

THkTAL = T H t T A V ( 1 , l )  

CALL C A S E 4 ( X L , Y L , F M L , T H t T A L , N C T , ~ M S T A R , F M V E C , X W A L L , Y W A L L , R T ,  

1 N T A ~ L E , K N X L , X N l , R N X Z , X N 2 , R P X ~ , X P ~ , R P X 2 ~ X P 2 , ~ P X 3 , X P ~ , N , X N , Y N t  

2 F M S N , T H E T A N , D C L b A , I C A S E , I C ~ U N T , K T E S T )  

I F  ( K T E S T )  1003, 1 0 0 3 ,  310 

310 FMN = 0. 

FMSN = 0. 

PN = 0 -  

TN = 0. 

VN = 0. 

RHUN = 0. 

GO T O  309 

1003 CALL P h U P b Y ( F M S ~ , P 9 T I f M W , G A M M A , f M V ~ C , f M S T A K , N T A ~ L E , ~ N , T N , V N ,  

1 RHUNpFMN) 

WHIlt ( 2 , 5 5 2 )  X L p  YL,  XN, YN 

JLAST = JLAST + 1 

XCWALL(JLAS1')  = XN 

YCWALL(JLAST1 = YN 

FMWALL(JLAST1 P L T N I F M S N , F M V E C p F M S T A R , N T A B L E )  

PWALL(JLAS1)  = P L T N ( ~ M S N , P , f M S T A K , N T A B L E )  

309 X F I E L D ( 2 , L I  = XIJ 
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FORTRAN 1 V  PROGRAM L l S T I N G  OF SP-37 M A I N  PROGRAM 

Y F I k L D ( 2 r l )  = YN 

F M S F L D ( 2 r l )  = FMSN 

THETAV (2 9 1) = THETAN 

I l = I + l  

J 1  = 1 

N P K I N T  = N P R I N T  + 1 

THETAN = THETAN * 180. / P I  

I F  ( N P R I N T  - 5 2 1  8 3 1 ,  8 3 1 ,  832 

832 NOEL = NPRINT - 53  - 5 6 * ( ( N P K I N T - 5 2 ) / 5 6 )  

I F  ( N D E L )  831, 8 3 3 ,  831 

833 WRITL: (6,686) 

831 WRITE ( 6 , 6 7 0 )  I l ~ J l ~ X N ~ Y N ~ F M N ~ F M S N ~ T H E T A N ~ T ' N ~ P N ~ V N ~ K H U N ~ D E L T A ~  

1 ICOUNT,KTEST 

THETAN = THETAN P I  / 180. 

Jf iND = NSONE - 2 

I F  ( X N  - XNLTH) 45, 40, 40 

40 X C W A L L ( 1 )  = X S A U E K ( 1 )  

Y C W A L L ( 1 )  = Y S A U E K ( 1 )  

F M W A L L ( 1 )  = F M S A U R ( 1 )  

P W A L L ( 1 )  = PLTN(FMWALL(l),P,FMVEC,NTABLE) 

C A L L  PERFOR(XSAUtH,YSAUER,FMSAUR,THETAS,XCWALL,YCWALL,PWALL, 

1 P , T , G A M M A , I - M W , C M V E C , N T A ~ L E , N S O N ~ , J L A S T , N , P A , P C , R T , ~ N L T H , Y E X I T )  

C 

G W R I T E  ALL INFORMATION ABOUT I - I E L D  POINTS AND STREAMLINES ON 

C TAPE 2 TO FEED THL: S C - 4 0 2 0  P L O T C t R  

- 
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F O R T R A N  1 V  PROGRAM L I S T I N G  O F  SP-37 M A I N  PROGRAM 

C 

W R I T E  (2 ,552)  XN, Y N t  XN, Y N  

W R I T E  (2,276) J L A S T ,  ( X C W A L L ( J ) ,  Y C W A L L I J ) ,  J = 1, J L A S T )  

W R I T E  (2,553) N T O T A L  

R E W I N D  1 

N P O I N T  = 0 

244 R E A D  ( 1 )  XL,  Y L t  XR, YR 

W R I T E  ( 2 , 5 5 2 )  X L ,  YL,  XR, YR 

N P O I N T  = N P O I N T  + 1 

I F  (NPOANT - N T O T A L )  244, 245, 245 

245 C O N T I N U E  

W R I T E  (6 ,622 )  

622 FORMAT ( / / / / / / 2 S X , 2 5 H + + + + + +  E N D  LIF C A S E  * * + * * + I  

I F  ( N C A S E  - N D A T A )  7 5 1 ,  752, 7 5 2  

751 N C A S E  = N C A S E  + 1 

GO TO 93 

752 C O N T I N U E  

R E W I N D  2 

P A U S E  77777 

C A L L  E X I T  

E N D  
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  C A S E 1  

C 

C S U B R O U . T I N E  T O  C A L C U L A i - E  A NEW F I E L D  P O I N T  W I T H  B O T H  I N P U T  POINTS 

C L O C A T E D  IN THE C E N T k K  F I E L D  

C 

S U B R O U T I N E  C A S C L ( X X R , Y Y R , F F M R , T H E T A P I X X L I Y V L I F F M L , T H E T A ~ , F M S ~ A R ,  

1 F M V E C , N T A B L E , X N , Y N ~ F M S N ~ T H t T A N ~ ~ € L T A ~ I C A S E ~ I C O U N T ~ K T E S T )  

Q I M € N S I O N  F M V E C ( B 0 ) .  F M S T A R I B O )  

T A N ( X )  = S I N ( X ) / C O S O ( )  

I C A S E  = 1 

I C O U N T  = 0 

K T E S T  = 0 

XR = XXR 

YR = YYR 

F M K  = F F M K  

T H E l A K  = T H E T A P  

X L  = X X L  

Y L  = Y Y L  

F M L  = F F M L  

T H E T A L  = THETA61 

F M S L  = PLTN(FML, I -MSTAK,FMVEC,NTAbLE)  

FMSR = PLTN(FMR,FMSTAR,FMVEC,NTAbLE) 

I F  ( F M L  - 1-01 1011 101, 103 

102 I F  (FMR - 1-01 1011 101, 103 

101 W R I T E  (6,666) X K s  YR, FMK, X L t  YL,  F M L  

666 FORMAT ( l H L ~ l O X ~ 4 6 W E R R O K  MESSAGE,  EITHER FMR OR F M L  IS L E S S  T H A N  
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FUHTKAN I V  PROGRAM L I S T l N G  O F  SUBROUTINE CASE1 

1 3 H U N E / / l L X ~ 6 I - l L J )  

GO TU 800 

103 ALPHAL = A T A N ( S O K T ( l . / ( F M L + F M L - l - ) ) )  

ALPHAK = ATANISUKT(l-/(FMR+FMR-lo))) 

FLAMOL = TAN(THtTAL+ALPHAL) 

FLAMOR = TAN(THtrAR-ALPHAR) 

HL = l . / ITAN(ALPHAL)+FMSL)  

HR = 1. / ( TAN(ALPHAR1 +F M S R )  

OETAL = S I N ( T H E T A L ) * S I N ( A L P H A L ) / ( Y L + S I N ( T H E T A L + A L P H A L ) )  

BETAR = SIN(THETAR)+SIN(ALPHAR)/(YR*COS(THETAR-ALPHAR)) 

X N = ( ( F L A M D R + X R - F L A M O L ~ X L ) + Y L - Y R ) / ( f L A M D R - F L A M D L )  

YN = YL - FLAMDL+IXL-XN) 

FMSN = ( T H t T A K - T H t T A L + H L + F M S L + H K , F M S R - B E T A R , ( X R - X ~ ) - B E T A L ~ ( Y L - Y N  

1 ) ) / ( H L + H K )  

IF (FMSN - 1.1 31, 3 1 ,  32 

3 1  IF (FMStt - FMSL) 9 1 ,  9 1 9  92  

91 FMSN = FMSL 

THETAN = THETAL 

GO 10 30 

92  FMSN = FMSR 

THETAN = THETAR 

GO ro 3 0  

32 THETAN = THETAL-HL+( I -MSL-FMSN)+BtTAL+(YL- -YN)  

3 0  FMN = P L T N ( F M S N , F M V t C , F M S T A H t N T A ~ L E )  

I F  (fMSN - FMSTAR(NTABLE))  105, 105s 104  
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t-ORTKAN I V  PliUGRAM L I S T I N G  OF SUBROUTINE CASE1 

104 K T € S T  = 1 

RETURN 

105 ALPHAN = ATAN(SUKT(l./(FMN*FMN-l.)))) 

FLAMN = T A N ( T H t T A N + A L P H A N )  

FLAMNPr TAN( THETAN-ALPHAN) 

HN = l . / ( T A N ( A L P H A N ) * F M S N )  

BETAN = S I N ( T H t T A N ) + S I N ( A L P H A N ) / ( Y N + S I ” + A L P H A N ) )  

BkTANP= S I N I T H E T A N ) + S I N ( A L P H A ” + C O S I T H E T A N - A L P H A N ) )  

FLAMRN = (FLAMDK + F L A M N P ) / 2 .  

FLAMLN = (FCAMDL + F L A M N ) / 2 .  

HLN = ( H L  + H N ) / Z o  

HRN = ( H R  + H N ) / 2 .  

t3ETAKN = (BETAR + t3ETANP)/2.  

BETALN = ( B t T A L  + t i t T A N ) / Z o  

XN = ( L ~ L A M K N * A K - ~ - L A M L N * X L ) + Y L - Y R ) / ( F L A M R N - F L A M L N )  

YN = YL - F L A M L h + ( X L - X N )  

FMSN = ( T H E  T A R - I  tik TAL+I iLN*FMSL+Hi(N,FMSK-BETAKN+(  XR-AN) -B tTALN+ 

1 ( Y L - Y N )  ) / ( H L N + t l R N )  

THETA = T H E T A L - t I L N 9 ( ~ M S L - F M S ~ ) + ~ t T A L N ~ ( Y L - Y ~ )  

O E L r A  = I‘HETA - T H t T A N  

IF ( A H S  ( D E L T A )  - l e t - 0 7 )  10,  10, 20 

20 I F  ( ICUUNT - 5 0 )  40r  10, 10 

40 ICOUNT = ICUllNT + I 

THETAN = T H t T A  

G O  TU 30 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  C A S E 1  

10 T H E T A &  = T H E T A  

R E T U R N  

800 C A L L  OUMP 

END 
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F O R T R A N  I V  P K O t i K A M  L I S T I N G  OF S U B R O U T I N E  C A S E 2  

S U B R O U T I N E  T O  C A L C U L A T E  A NtW F l t L D  POI4UT WITH ONE OF T H E  I N P U T  

P O I N r S  O N  T H E  A X I S  OF S Y M M E f H Y  

S U B R O U T L N E  C A S ~ Z ( X X R t Y Y R t F F M K t T H ~ T A P t X X L t Y Y L t F F M L , T H ~ T ~ O t f M S T A R ,  

1 F M V E C ~ N T A B L f ~ X N ~ Y N ~ F M S N ~ T H ~ T A N ~ ~ E L T A t l C A S E ~ l C O U N l ~ ~ T E S T )  

D I M E N S I O N  F M V E C ( 8 O ) t  F M S T A R ( B 0 )  

I A N I X )  = S I N ( X ) / C O S ( X l  

I C A S E  = 2 

I C O U N T  = 0 

K T E S r  = 0 

XR = XXR 

YK = Y Y K  

F M H  = F F M R  

T H E T A K  = T H E T A P  

X L  = X X L  

Y L  = Y Y L  

F M L  = F F M L  

T H E T A L  = T H E T A Q  

F M S L  = P L T N ( F M L , F M S T A R t F M V E C , N T A B L E )  

F M S H  = ~ L T N ( F M H , F M S T A K t ~ M V E ~ , N T A ~ L E )  

I F  ( F M L  - 1-01 lOlt 101, 102 

102 I F  ( F M K  - 1-01 1019 101, 103 

101 WHITE (6~666) X K t  YR, F M K t  X L t  YL t  F M L  

666 FORMAT (LH1~10X,46HERROH M E S S A G E *  E I T H E R  FMR OR F M L  IS L E S S  THAN 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE2 

1 3 H O N E / / l l X , 6 F l 2 . 7 )  

GO T O  8 0 0  

103 ALPHAL = ATAN(SUKT(l./(FML+FML-l.))) 

ALPHAK = A T A N ( S U K T ( l . / ( F M K + f M R - l . ) ) ) )  

FLAMOL = TAN(THETAL+ALPHAL)  

t-LAMDK = TAN(THtTAR-ALPHAR)  

BETAK = S I N  ( T H E T A K ) + S I N  ( A L P H A R ) / ( Y R * C D S  (THETAR-ALPHAR))  

HL = l . / ( T A N ( A L P H A L ) + F M S L )  

HK = l . / ( T A N ( A L P H A K ) + F M S R )  

XN = (YH+FLAMDL*XL-FLAMDK*XK)/(FLAMDL-FLAMDR) 

YN = F L A M D L * ( X N - X L )  

FMSN = ( 2 . * T H E T A K + H L + F M S L + 2 . + H ~ * F M S R + 2 . * B E T A R ~ ( X N - X ~ ) ) / ( H L + 2 . * H R )  

I F  (FMSN - 1 . )  3 1 ,  319 32 

31 I F  (FMSK - FMSL)  91, 91, 9 2  

91 FMSN = FMSL 

I H E ' r A N  = THETAL 

GO 1.0 3 0  

9 2  FMSN = F M S R  

THETAN = THtTAR 

GO r 0  30 

32 THETAN = H L + ( F M S N - F M S L ) / Z .  

30 FMN = P L T N ( F M S I U , F M V E C , F M S T A K , N T A B L E )  

I F  (FMSN - FMSTA&(NTAHLE)  1 105, 105 ,  1 0 4  

104 K T E S T  = 1 

H E T U C i  N 
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FORTRAN 1 V  PROGKAM L I S T I N G  OF SUBROUTINk CASE2 

105 ALPHAN = ATAN(SUKT(l./(FMN*FMN-l.)))) 

FLAMN = T A N ( T H t T A N + A L P H A N )  

FLAMIJPz TAN(  THtTAN-ALPHAN) 

HN = I . / ( T A N ( A L P H A N ) * F M S N )  

BETAN = S I N ( T H E T A N ) * S I N ( A L P H A N ) / ( Y N + S I ” + A L P H A N ) )  

O t T A N P =  SIN(THETAN)+SIN(ALPHAN)/(YN*COS(THETAN-ALPHAN)) 

FLAMLN = (FLAMOL + F L A M N ) / 2 .  

FLAMRN = (FLAMDR + FLAMNP) /Z .  

HLN = ( H L  + H N ) / 2 .  

HKN = ( H R  + H N ) / 2 .  

BETALN = ( T t i E T A N / Y N  + U k r A N )  / 2, 

BETAKN = ( R E T A R  + U E T A N P ) / 2 -  

XN = (YH+FLAMLN+XL-FLAMKN*XK) / (FLAMLN-FLAMRN)  

YN = F L A M L N * ( X h - X L )  

FMSN = ( ~ H E T A R t H L N * F M S L + t i R N + t M S K - ~ E E A R N + ( X R - X N ) + B E T A L N + Y N ) /  

1 (HLN+HKN)  

THETA = HLN*(FMSN-FMSL) - BETALN*YN 

DELTA = THETA - i H t T A N  

I F  ( A B S  ( D E L T A )  - l o t - 0 7 )  1 0 ,  10, 20 

20 I F  ( I C O U N T  - 501 40, 1 0 ,  10 

40 ICOUNT = I C O U N r  + 1 

THETAN = T H E T A  

GO TO 30 

10 THETAN = T H t T A  

HETURN 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  C A S E 2  

800 C A L L  DUMP 

END 
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F O R T R A N  I V  PROGRAM L I S T I N G  O F  S U B R O U T I N E  C A S E 3  

C 

C S U t 3 K U U T I N t  T O  C A L C U L A T E  A NEW P O I N T  ON T H E  A X I S  OF SYMMETRY 

C 

S U t l R O U T I N E  CASt3(XH,YR,FMRtTHETAH,FMSTAR,FMVEC,XN,YN,FMSN,THETAN, 

1 N T A ~ L E , D ~ L M N , I C A S t , I C ~ U N T , K r E S T )  

D I M E N S I U N  F M V E C ( 6 0 1 ,  F M S l A R ( B 0 )  

T A N ( X )  = S I N ( X ) / L O S I X )  

I C A S E  = 3 

ICOUNT = 0 

K T E S T  = 0 

Y N  = 0. 

T H E T A N  = 0. 

FMSR = P L T N ( F M R , F M S T A K , F M V E C , N T A t 3 L E I  

I F  ( F M R  - 1.0) 101, 101, 102 

101 W R I l t  (6,666) X K ,  YK, FMK 

666 FORMAT ( l t . 1 1 , 1 0 X ~ 3 5 1 1 t K K O K  MESSAGE,  FMR IS L E S S  T H A N  U N E / /  

1 llX,3FA2.7) 

GO TU 800 

102 A L P H A R  -=: A T A N ( S U I ~ T ( L . / ( F M K + F M K - l . ) ) ) )  

F L A M D K  = T A N ( T H t T A K - A L P H A R )  

H H  = L . / ( T A N ( A L P t i A K ) + F M S K )  

b E T A R  = SIN(THtTAK)+SIN(ALPHAR)/(YR*COS~THETAR-ALPHAR)) 

XN = XR - Y K / F L A M D R  

F M S N  = ( T H E T A H + H H + F M S K + ~ E T A ~ + (  X N - X R )  ) / H R  

30 F M N  = P L T N ( F M S N , F M V E C I F M S T A K , N T A U L E )  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE3 

I F  ( F M S N  - FMSTAK(NTABLE))  1 0 5 r  1059 104 

104 K T E S T  '= 1 

RETUHN 

1 0 5  ALPHAN = ATAN(SOKT(l./(FMN+FMN-l.))) 

FLAMNP = TAN(1HtTAN-ALPHANI 

HN = l . / (TAN(ALDHAN)+FMSN)  

FLAMKN = (FLAMDK + FLAMNP)/2.  

HRN = (HR + H N ) / 2 .  

bETAN = TAN(ALPHAN)+THfTAR/YK 

BtTAHN = ( B E T A K  + BETAN) /2 .  

XN = XR - YK/FLAMHN 

FMSNS = ( T H t T A H + H H N + F M S H + U E T A R " - X R ) ) / H R N  

DELMN = FMSlVS - FMSN 

I F  (ABS(DELMN1 - 1.E-07)  101 1 0 9  20' 

2 0  I F  ( I C O U N T  - 50) 40, 1 0 9  10 

40 ICOUNT = I C O U N T  + 1 

FMSN = I-MSNS 

GO TO 30 

10 FMSN = FMSNS 

RETURN 

800 CALL DUMP 

END 
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F O R T K A N  I V  PROGRAM L I S T I N G  UF SUBROUTINE CASE4 

C 

C SUBROUTINE T O  CALCULATE A N ~ w  P O I N T  ON THE NOLLLE CONTOUR 

C 

SUBKOUTINE C A S E 4 ( X L , Y L , F M L , T H E T A L , N ~ T , F M S T A R , f M V E C , X C , Y C , ~ l t  

1 N T A B L ~ ~ R N X l ~ X N l , R N X L , X N 2 , R P ~ l ~ ~ P l , R P X ~ , X P 2 , R P X ~ , X P ~ t N ~  

2 X N , Y N , f M S N , T H € T A N , D ~ L M N , I C A S E , I ~ ~ U N T , K T E S T )  

O I M t N S I U N  F M V E C ( U O ) p  k M S T A K ( t l O ) ,  X C ( 2 5 0 ) ,  Y C ( 2 5 0 ) ~  k M T K I X ( 8 r 9 )  

T A N ( X )  = S I N ( X ) / C U S ( X )  

N P l  = N + 1 

NP2 = N + 2 

ICASE = 4 

I C O U N T  = 0 

K T E S T  = 0 

FMSfur = 5 0 . 0  

I F  (EML - 1-01  1U1,  101,  LO2 

101 WRITE (69666) X L ,  YL, FML 

666 FUKMAT ( l H l ~ l O X ~ 3 5 H t K K C ) K  MESSAGtr FML I S  LESS THAN U N E I /  

1 l l X , 3 F 1 2 - 7 )  

L O  1 0  800 

102 ALPHAL = A T ~ N ( S U K l ( l . / ( F M L + f M L - l . ) ) )  

BETAL = SlN(THtlAL)*SINlALPHAL)/(YL*SIN(THEIAL+ALPHAL)) 

FMSL = P L T N ( F M I , F M S T A K I F M V E C 1 N T A t 3 L E )  

HL = 1. / ( T A N  ( ALPHAL) * k M S L )  

HLN = HL 

t3tfALIV = BETAL 
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FORTRAN 1 V  PROGRAM L I S T I N G  OF SUBROUTINE CASE4 

FLAML = TAN(THETAL+ALPHAL) 

FLAMLN = FLAML 

155  A S  = FLAMLN 

BS = - 1. 

C S  = YL - XLSFLAMLN 

KR = 1 

245  GO TO ( 2 0 5 r 2 1 5 r Z 2 5 , 2 3 5 r 2 4 0 ) r  K R  

205 R C  = R N X l  

CXL = XN1 

C X R  = XN2 

GO TO 2 5 0  

215 R C  = KNX2 

CXL = XN2 

C X R  = 0. 

GO TO 2 5 0  

225 RC = KPXL 

CXL = 0. 

C X R  = XP1 

GO TO 250  

235 HC = RPX2 

CXL = X P 1  

CXH = XP2 

GO TO 2 5 0  

2 4 0  HC = RPX3 

CXL = XP2 

80 



F O R T R A N  1 V  P R O G R A M  L I S T I N G  OF SUBROUTINE C A S E 4  

C X H  = X P 3  

2 5 0  Y 1  = K T  + RC 

A 1  = A S * A S  + B S + t i S  

t3l = Z . * ( B S + C S  - Y L * A S * A S )  

C 1  = A S * A S * Y l * V l  + C S * C S  - A S * A S * R C + R C  

I F  (Bl*H1-4.*AI+Cl) 2559 1 0 9  15 

LO Y N  = -81/(2.*Al) 

X N  = - ( U S @ Y N  + G S ) / A S  

GO TU 2 7 0  

15 Y N  = ( - B l  - S O H T ( U l * ~ 1 - 4 . * A l + C ~ ) ) / ( Z ~ * A l ~  

X N  = - ( t ) S * Y N  + C S ) / A S  

2 7 0  1F (XN-CXL) 271, 1409 260 

260 I F  ( X N - C X K )  140, 1409 2 5 5  

2 5 5  I F  ( K K - 5 )  2 6 5 ,  5 ,  5 

2 6 5  K R  = K K  + 1 

GO T O  2 4 5  

5 N C  = NCT - I  

00 30 I = 1 1  NL 

SLOPi = ~ Y c ~ I + l ~ - Y c ~ I ~ ~ / ~ x c ~ I + 1 ) - x c o )  

X N  = - ( ~ S + Y C ( I ) - S L U P t + B S + X C ( I ) + C S ) / ( A S + B S + b S * S L O P ~ ~  

I F  ( X N  - X C ( I + L ) )  35, 409 3 0  

3 5  I F  ( X N  - X C ( 1 ) )  30, 459 5 7  

40 X N  = XC(I+l) 

Y N  = YC(I+l) 

K = O  
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F O R T R A N  1 V  PKOGKAM L I S T I N G  OF S U B R O U T I N t  C A S E 4  

GO TU 50 

45 X N  = X C ( 1 )  

Y N  = Y C ( I )  

K = O  

GO T O  5 0  

30  C O N T I N U E  

1 = NC 

5 7 K = l  

5 0  CALL P O L Y ( X C , Y C , l , N , N C T , F M T K l X )  

I F  ( K )  198,  1 9 H v  73  

73 x = X C ( 1 )  

130 K C O U N T  = N P l  

YN = F M l R I X I N P l r h P 2 )  

83 K C O U N T  = K C O U N I  - 1 

I F  ( K C U U N T )  81, & l ,  cI2 

82  Y N  = YE4 + F M T R I X ( K C U U N T , N P Z )  X * * ( N P l - K C O U N T )  

GU r 0  83 

8 1  X N  = - ( b S * Y N  + i s )  / AS 

I F  I X N  - 1. )  240, 246, 247 

246 D t L T A X  = XN - X 

GO TO 248 

247 O t L T A X  = ( X N  - X ) / X N  

248 IF (A8S(DtLlAX) - l e t - 0 7 )  1 9 H f  198, 125  

125 X = XN 

GO TO 130 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE4 

198 KCOUNT = N 

SLOPE = F M T K I X ( W , N P 2 )  

86 KCOUNT f KCOlJNT - 1 

I F  (KCOUNTI 84, 849 85  

85 SLOPE = SLOPE + FLUAT(NP l -KCUUNT1 FMTRIX(KCOUNTpNP21  

1 XN+*(N-KCOUNT) 

GO T O  8 6  

84 T H E T A N  = A T A N ( S L U P ~ )  

ti0 TU 193 

140 THETAN = A T A N ( X h / ( Y l - Y N ) )  

193 FMSN = (THETAN - THtTAL-UETALN*(YL-YN)l/HLN+FMSL 
FMN = PLTN(I -MSN ,FMVLCIFMSTAK,NTABLE) 

I F  (FMSN - FMSTAK(NTAt3LE) )  105 ,  1059 104 

104 K T E S T  = 1 

RETURN 

105 ALPHAN = A T A N ( S ~ K T ( l . / ( F M N + F M N - l . ) ) )  

FLAMN = T A N ( T H t 1 A N  + ALPHAN) 

HN = l . / ( T A N ( A L P H A N ) * F M S N )  

BETAN = S I N ( T H E T A N ) * S I N ( A L P H A N ) / ( Y N * S I N ( T H E T A N + A L P H A N ) )  

FLAMLN = ( F L A M L + k L A M N ) / Z .  

H L N  = ( t i L  + H N ) / L .  

BETALN = ( B E T A L + b E T A N ) / 2 .  

DELMN = FMSN - t-MSNT 

I F  ( A B S  (DELMN) - 1 - E - 0 7 )  1609 160, 150 

1 5 0  I F  ( I C O U N T  - 50  1 7101 160, 160 
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F O R T R A N  1 V  PROGRAM L I S T I N G  OF SUBROUTINE CASE4 

7 1 0  ICOUNT = ICOUNT t 1 

FMSNT = FMSN 

GO TO 155 

1 6 0  K E T U K N  

2 7 1  W K I T t  (6,698) 

698 FORMAT (lHl,LOX,43HTHE X-COORDINATE OF THE IMPUT POINT IS TOO 

1 1BHSMALL---DATA E R R O H )  

800 CALL DUMP 

tND 
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F O R T ' R A N  1 V  P i i U G R A M  LISTING OF S U B R O U T I N E  T H E K M O  

C 

C S U B K O U T I N E  F O K  C A L C U L A T I N G  T H E R M U D Y N A M I C  D A T A  F U R  FROZEN FLOW 
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FORTRAN 1 V  PROGRAM L I S T I N G  OF SUBROUTIN€ P L l N  

SUBROUTINk T O  PtRFORM LINEAR INTERPOLATION BETWEEN THERMODYNAMIC 

DATA 

FUNCTION P L T N ( F M , F M l q F M 2 q N T A t i L E )  

D I M t N S I O N  F M L ( B 0 ) r  F M 2 ( 8 0 )  

IF (FMZ(L) -FMZ(NTABLE) )  2 3 0 ,  2 3 0 9  2 3 5  

235  DO 2 4 0  I = 1 ,  N l A U L E  

I F  ( F H Z I I )  - FM) 35, 30, 2 4 0  

2 4 0  CUNl lNUE 

I = NTAtiLt 

50 WRI lE  (6,600) 

600 FORMAT (LHl ,SX,44HVALUE BEYClND T A B L E  L I M I T S ,  EXTRAPOLATION WAS, 

1 10H PEKFORMED/) 

X = FM 

W R I T t  ( 6 , 6 0 1 )  X 

601 FORMAT ( 2 0 X , 2 F 1 2 - 7 )  

00 70 J = 1, NTAULt 

X = F M L ( J 1  

Y = f -M2(J )  

W R I T E  (6,601) X I  Y 

70  CONTINUE 

GO r u  3 0  

230 00 10 I = 1, N T A l i L t  

I F  ( F M Z ( 1 )  - FM) 10, 3 0 ,  3 5  
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F O R T R A N  1 V  P R O G R A M  L I S T I N G  OF S U B R O U T I N E  PLTN 

10 C O N T I N U E  

I = N T A B L E  

GO TO 50 

35 I F  ( I  - 1 )  459 459 30 

4 5 1 = 2  

GO TO 5 0  

30 P L T N  = ~ F M L ~ I ~ - F M l ~ I - 1 ~ ~ + ~ F M - F M 2 ~ I - l ~ ~ / ~ F M 2 ~ I ~ - F M 2 ~ I - l ~ ~ + ~ M l ~ I - l ~  

40 R E T U R N  

E N D  
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F O R T R A N  AV P R O G R A M  L I S T I N G  O F  S U B R O U T I N E  OPrIMS 

C 

C S U U R O U T I r U E  FOR C A L C U L A T I N G  THE S T A R T I N G  L I N t  B Y  H A L L S  THEORY 

C 

S U B R O U T I N E  U P T I M S ( S I G M A , R , F M V E C ( F M S T A R , ~ A M M A , N T A B L E , X P 3 , X M A C H , R T ,  

1 NSDiVt , X S A U t R ,  YSAUE'R,  T H C T A S )  

DIMENSION F M V E C ( t i 0 ) r  F M S T A R ( U O ) ,  G A M M A ( 8 O ) p  X S A U E R ( 6 0 ) , Y S A U E R ( 6 0 ) ,  

1 T H E T A S ( 6 0 )  

F I R S T F ( A , U * C )  = ( A * G + t l ) / C  

S E C O N F  ( A , B , C I U )  = ( A * G * G + B * G + C ) / D  

R = K / K T  

X P 3  = X P 3  / K T  

X L  = 0. 

X R  = XP3 

I T E S T  = 0 

70 X S A U k K ( 1 )  = ( X L  + X K ) / 2 .  

Y S A U t R ( l ) =  l . + O . b * X S A U E R (  1)+XSAUtR(l)/R+0.125*SIGMA*XSAUEK~l)* 

1 X S A U E ~ ~ L ) * X S A U t K ( l ~ * X S A U t K o / ( K + R + R ~  

X = X S A U E R (  1 )  

Y = Y S A U E K I 1 )  

I C O U N T  = 0 

G = G A M M A ( 2 )  

5 A L = F I R S T P ( 2 . ,  ' 1 . * 2 4 - )  

A 2 = F I K S T F ( 4 . , 1 ~ . ~ 2 4 . )  

A 3 = F I R S T F ( L O . v 5 7 .  ,288.) 

A 4  = F I R S T F ( 2 . , - . 3 . p 6 . )  
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F O R T R A N  I V  P R O G R A M  L I S T I N G  O f  S U B R O U T I N E  OPTIMS 

Q1 = O.S*Y+Y - 0.25 + Z 

U2 = A l + Y + Y + Y + Y  - A 2 + Y + Y  + A 3  + Z * ( Y * Y - 0 . 6 2 5 ) - A 4 * Z * Z  

Q3 = A S * Y + Y + Y * Y + Y * Y  - A 6 + Y + Y * Y + Y  + A 7 + Y * Y  - A 8  + Z + ( A 9 + Y + Y + Y * Y -  

1 A l O * Y + Y + A l l )  + Z + Z * ( - A 1 2 + Y + Y + A 1 3 )  + A 1 4 * , Z + Z + Z  

U D A R  = 1. t Q 1 / K  + Q Z / ( K + R )  t Q 3 / ( R + R * R )  

G B A H = P L T N I Q B A R , G A M M A , F M S T A R , ~ T A ~ L ~ )  

D E L G  = G B A R  - G 

I F  ( A B S  ( D E L G )  - 1 - E - 0 5 )  309 30 ,  36 

36 1F ( ICOUNT - 2 0 )  359 30t  30 

35 ICOUNT = I C O U N T  + 1 

G = ( G  + G B A K ) / Z .  

GO TO 5 

30 X M A C H  P L T N ( Q B A K ~ F M V E C , F M S I A R , N T A B L E )  

A L P H A  = A T A N  ( 1 o / S Q R T  ( X M A C H + X M A C H - l . ) )  

THETAS(1) = A T A N ( X S A U E R ~ 1 ) / R + O . 5 + S I G M A + X S A U t K o r X S A U t R ~ l ~ ~ X S A U E R ~ l ~ ~  

1 X S A U E R ( l ) / ( H + K + R ) )  

L)Q= ( U B A K -  1. I + R  

GO = BQ - 0 1 5 + Y + Y  + 0.25 

DGOOY = -Y  

O G l D Y  = 2 . + A 2 + Y  - 4 . + A A + Y * Y + Y  + 2 . *A4+GO+DGODY - 2.+GO*Y - 
1 D G O D Y * Y + Y  + S .+DGODY/8 .  

D G 2 D Y  = - b . + A 5 * Y * Y + Y + Y + Y  + 4 . + A b + Y + Y + Y  - 2 . * A 7 + Y  - A 9 * Y + ~ 4 + 0 G O D Y  - 
l 4 . + A 9 * G O + Y + Y + Y  + A l O * D G O D Y + Y * Y  + 2 . * A l O + G O + Y  - A l l * D G O D Y  + 

2 2 . + A 1 2 * G O + D G O D L + Y + Y  + 2 o + A 1 2 + G O * G O + Y  2 . + A 1 3 + G O ~ D G O D Y  - 
3 3 . + A l 4 + G O + G O + D G O D Y  
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F O R T R A N  1 V  P R O G R A M  L I S T I N G  OF S U B R O U T I N E  OPTIMS 

D L D Y  = D G O D Y  + D G l D Y / R  + D G L U Y / R * * 2  

D Y D X  = l . / ( S Q R T  ((GBAR+l.)/(Z.*R))*DZDY) 

D E L T A  = A T A N  ( A U S  ( D Y D X ) )  

T U L k R  = D t L T A  - A B S ( T H E T A S ( 1 )  - A L P H A )  

50 I F  ( T O L E H  - 5.t -021 559 559 60 

60 I F  ( I T E S T  - 201 659 559 55 

46 I F  ((TEST - 20) 459 5 5 9  5 5  

4 5  I T E S T  = I T E S T  + 1 

X L  = X S A U E R (  1) 

GO TO 7 0  

4 5  I T E S T  = I T E S T  + 1 

X R  = X S A U E R (  L I  

GO Ti3 70 

5 5  FNSONE = NSONE 

DO 7 5  I = 2 9  N S O N t  

F I  = 1 

Y S A U E H ( A )  = Y S A U r K ( 1 )  * (l.-(FI-I.)/(FNSONE-L.)) 

Y = Y S A U E R ( I )  

G O  = BQ - 0 . 5 + Y + Y  + 0.25 

G L  = A 2  + Y * Y  - A l * Y * Y s Y * Y  - A 3  + G O + ( G O + A 4 - ( Y * Y - 0 . 6 2 5 ) 1  

G 2  = - A S + Y * Y * Y * Y * Y + Y  + A 6 * Y + Y * Y + Y  - A 7 * Y * Y  + A 0  - G O * ( ( A 9 *  

1 Y * Y * Y * Y  - A l O + Y * Y  + A l l 1  + G O * ( - A L Z * Y + Y  + A 1 3 1  + G O * G O * A 1 4 )  

Z = 60 - 0 . 5 * Y * Y  + 0 . 2 5  + G L / R  + G 2 / ( R * R )  

X S A U E R ( 1 )  = Z * S Q K T ( O o S + ( G ~ A R + l . ) / R )  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE OPTIHS 

T H E T A 1  = 0 . 2 5 * Y + Y + Y  - 0 - 2 5 4 Y  + Y + Z  

THETA2 = B l * Y * Y + Y + Y * Y  - 8 2 + Y + Y * Y  + 8 3 4 Y  + B 4 * Z * ( Y * Y * Y - Y )  

THETA3 = 8 5 + Y * Y * Y * Y * Y + Y * Y  - B 6 + Y + Y + Y ~ Y + Y  + B’l*Y+Y*Y- B 8 * Y  

1 + Z * ( B 9 * Y + Y * Y * Y * Y  - B L O + Y * Y + Y  + B L l * Y )  + Z + Z * ( B 1 2 + Y * Y * Y  - 6 1 3 * Y )  

2 - 8 1 4 * Y * Z + Z * Z  

T H E T A S ( 1 )  = SQRTLO.S+(GBAR+l-)/R)*(THETAl/R + T H E T A Z / ( R + R )  + 

1 T H E T A 3 / ( R * R * R ) )  

75 CONTINUE 

DO 78 I 1 9  NSONE 

X S A U E R ( 1 )  = X S A U E R L I )  4 HT 

Y S A U E R I I )  = Y S A U E R ( 1 )  R T  

78 C O N i l N U E  

R = H 4 H T  

X P 3  = X P 3  4 RT  

RETURN 

END 

92 



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE STREAH 

SUBROUTINE FOR C A L C U L A T I N G  STREAM L I N E S  TO FEED I N T O  SC-4020 

PLOTTER 

SUBKOUTINE S T R E A M I X F I E L D ~ Y F l E L D ~ ~ M S F L D ~ T H E T A V , K , N S O N E t X S T R , Y S T ~ ~  

1 T H S l K , N T O T A L )  

D l M E N S l U N  X F I E L D ( Z r 6 0 ) r  Y F I E L D ( 2 p 6 0 ) r  T H E T A V ( 2 r 6 0 ) r  X S T R ( 6 0 1 ,  

1 Y S l R ( 6 0 ) r  T H S T K ( 6 0 ) r  F M S F L O ( 2 r 6 0 )  

TAN ( X I  = S I N  ( X ) / C O S  ( X I  

YTEST = 10. Y F I E L D ( Z p 1 )  

J S T A R T  = 1 

NMONii = NSONE - 1 

K I  = - 1  

DO 5 J = 2, NMONE 

I F  ( X S T R ( J )  + Y S l K ( J )  + T H S T K ( J ) )  2 9 9  289 29 

29 I F  ( K )  10, 101 15 

10 N = NMONt - 1 

I F  ( K I )  20, 25, 4 5  

20 YNEW = Y S T R ( J 1  + TAN ( T H S T R ( J ) ) * ( X F i E L D ( 2 r L ] - X S T R ( J ) )  

IF (YNEW - Y F I E L D ( 2 r l ) )  309 309 35 

35 X 1  = X S T R ( J 1  

Y 1  = Y S T R ( J )  

XZ = X F I t L D ( Z r 1 )  

W R I T E  ( 1 )  X l t  Y l r  X 2 r  Y N t W  

NTOTAL = NTOTAL + 1 
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FORTRAN I V  PHOGRAM L I S T I N G  OF SUBROUTINk STREAM 

XSTR(J1  = X F I E L D ( 2 r l )  

YSTR(J1  = YNEW 

THSTR(J1 = T H E T A V ( 2 r l )  

YTEST = YNEW 

GO TU 5 

30 KI = 0 

GO TO 2 5  

15 N = NMONE 

25 DO 50 J 1  = J S T A R i t  N 

I F  ( F M S F L D ( Z t J l + L ) )  28, 28r  7 

7 XNEW = ( ( Y S T R ( J ) - Y F I E L 0 ( 2 r J 1 ) - X S T R ( J ) * T A N  ( T H S T R ( J I ) ) +  

1 ~ X F I E L 0 ~ 2 ~ J l + l ~ ~ X F I E L D ~ 2 r J 1 ~ ~ + X F I E L 0 ~ 2 r J l ~ * ~ Y F I E L D ~ 2 ~ J l + l ~ ~  

2 Y F J € L 0 ( 2 ~ J l ) ) ) / ( Y F I E L D ( 2 , J 1 + 1 1 - Y F I E L D ~ 2 t J l ) - T A N ( T H S T R ( J ) ) +  

3 ( X F I E L 0 ( 2 r J l + l ) - X F I E L D ~ ~ ~ J l ) ) )  

YNEW = Y S T R ( J )  + TAN (THSTR(J))+(XNEW-XSTR(J)) 

I F  ( Y N E W  - Y F I E L O ( 2 r J l ) )  8 r  99 19 

8 I F  (YNEW - Y F I E L 0 ( 2 r J l + l ) )  501 9 r  9 

9 IF [ Y N E W  - YTESJ) 1 6 r  1 9 9  19 

16 X 1  = X S T R ( J )  

Y 1  = Y S T R ( J )  

W R I T E  ( 1 )  X L r  Y l r  XNtWt Y N E W  

NTOTAL = NTOTAL + 1 

X S T R ( J )  = XNEW 

YSTK(J1  = YNEH 

YTEST = YNEW 
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F O R T R A N  I V ,  PKOGRAM L I S T I N G  'OF S U B R O U T I N E  S T R E A M  

T H S T K ( J )  = T H E T A V ( Z , J l + l )  + ( T H L T A V ( 2 , J l ) - T H E T A V ( 2 , J l + l ) ) ~ ( Y N E W -  

1 Y F l ~ L D ~ 2 ~ J l + 1 ~ ~ / ~ Y F I ~ L D ~ 2 ~ J l ~ ~ Y ~ I ~ L O ~ 2 ~ J l + l ~ ~  

GO TU 12 

5 0  C O N T I N U E  

K 1  = 1 

I F  ( K )  459 4 5 ,  51 

12 J S V A R T  = J 1  

GO TU 5 

45 YNEW Y S T R ( J )  + TAN ( T H S T R ( J I ) * ( X F I E L 0 ( 2 r N + I ) - X S T R [ J ) )  

I F  ( Y N E W )  46, 4 7 ,  411 

48 X 1  = X S T R t J )  

Y 1  = Y S T R I J )  

X 2  = X F I E L D ( 2 , N + l )  

W R I T E  ( 1 )  X 1 ,  Y l ,  X 2 9  YNEW 

N T O T A L  = IVTUTAL f 1 

X S T K ( J )  = X F I E L U ( Z , N + l )  

Y S T K ( J )  = Y N E N  

T H S T R ( J 1  = T H E T A V ( 2 , N + 1 )  

Y T E S T  = YNEW 

5 CONTINUt 

R E  T U R N  

19 W R I T E  (6,6031 

603 FORMAT ( l H l , l O X , 2 2 H S T R t A M L I N t S  C R O S S  O V E K )  

2 8  00 2 1  I = J I  NMUNE 

X S T R ( 1 )  = 0. 
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  STREAM 

Y S T R ( 1 )  = 0 0  

2 1  T H S T R L I )  = Oo 

RETURN 

46 W R I T E ( 6 r 6 0 1 )  

601 FORMAT ( l H l ~ l O X , 3 6 H S T R E A M  L I N E  CROSSES A X I S  OF SYMMkTRY)  

RETURN 

47 W R I T f ( 6 r 6 0 2 )  

602 FORMAT ( l H l r l O X , 2 O I i S T R E A M  L I N E S  O V E R L A P )  

5 1  RETURN 

END 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  P O L Y  

C 

C S U B R O U T I N E  T O  F I l  AN N T H  ORDER P O L Y N O M I A L -  N = 1 TO 7 

C 

S U B R O U T I N E  P O L Y I X C t Y C p L ~ N ~ N C T t F M T R I X l  

D I M E N S I U N  X C ( 2 5 0 ) ~  Y C 1 2 5 0 ) ~  F M T R I X ( 8 t 9 )  

N P 1  = N + 1 

N P 2  = N + 2 

I f  ( L  - N / 2 )  3 3 ,  339 60 

33 N 1  = 1 

GO TU 145 

60 I F  ( L  - N C T  + (N-l)/2) 66, 6 5 9  6 5  

66 NI = b - N / 2  

GO TO 145 

65 NI = NCT - N 
1 4 5  DO 100 I = 1 ,  N P l  

DO 105 J = 1 ,  r i  

N I = N I  

105 F M T K I X ( 1 , J )  XL(NI)+*(NPL-J) 

F M T K I X ( I ~ N P 1 I  = 1. 

F M T R I X ( I 9 N P 2 )  = Y C ( N 1 )  

100 N I  = NI + 1 

DO 5 I = I t  N 

I F  ( t M T R I X ( I t 1 ) )  5t 101 5 

5 C O N T I N U k  

GO TU 15 
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FORTRAN I V  PROGRAM L I S T I N G  O F  S U B R O U T I N t  POLY 

10 DO 2 0  J = 1, N P 2  

TEMP = F M T R I X ( I v J 1  

F M T R I X ( 1 , J )  = F M l H I X ( N P 1 , J )  

F M T R l X ( N P 1 , J )  = TEMP 

20  C O N T I N U t  

15 DO 110 K =T 1 9  N P I  

K l = K + l  

DO 1 1 5  J = K L ,  NP2 

115 F M T H I X ( K , J )  = F M P R I X ( K , J ) / F M T R I X ( K c K )  

F M T H I X ( K 1 K )  = 1. 

DO 110 I = 1, N P 1  

I F  ( 1  - K 1  130, 110. 130 

130 DO 120 J = K 1 t  NP2 

120 F M T H J X ( I v J 1  = F M T R I X ( I , J ) - F M T R I X ( I , K ) , F M T R I X ( K ~ J )  

F M T R I X ( I v K 1  = 0. 

110 C O N T l M U t  

Rt iTUHN 

END 
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F O R T R A N  I V  PKOGRAM L I S T I i I G  OF S U B R O U T I N E  P R O P T Y  

C 

C S U f 3 K O U T I N E  T O  C A L C U L A T E  DIFFtRENT T H E R M O D Y N A M I C  P R O P E R T I E S  

C 

S U B R O U T I N E  P R O P l Y ( F M S N t P t T , ~ M W t G A M M A , F M V E C , F M S T A R , N r A B L E , P N ~ T N ~  

1 V N , K H U N , F M N )  

D I M t N S I U N  P ( 8 0 1 ,  T ( t l O ) ,  F M W ( B O ) ,  G A M M A ( 8 0 ) r  6 M V E C ( B O ) r  FMSlAR(80) 

P N  = P L T N ( F M S N v Y , F M S T A R , N l A 8 L E )  

TN = P L T N ( F M S N , I v F M S T A K , N T A ~ L ~ )  

F M N  = P L  TN ( F M SN , F M V E C  9 FMST AR 9 NT ABL E 1 

G N  = P L T N ( F M S N , b A M M A , F M S T A R , N T A B L E I  

FMWN = P L T N ( F M S I J ( F M W , F M S l A R , N T A B L E )  

C N  = S Q K T ( 3 2 . 1 7 4 * 1 5 4 6 . 3 3 6 ~ G ~ * T N / f M W N )  

V N  = C N  FMN 

R H U N  = 144.0 * PN * FMWN / (1546,336 T N )  

R E T U R N  

END 
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  PEKFOR 

C 

C SUBROUTINE F O R  C k L C U L A T I N G  NOZZLI: PERFORMANCE BY I N T E G R A T I N G  

C ALONG S l A K T I N G  L I N E  AND N O Z Z L E  CONTOUR 

C 

S U B R O U T I N t  P E R F O K ( X S A U E H , Y S A U E R , ~ M S A U R ? T H E T A S ? X W A L L ~ Y W A L L t P W A L L ,  

2 GAMMA(t.30). F M V E C ( 8 0 1 ,  F M T R I X ( 8 t 9 1 ,  P U S H S W ( 2 5 0 )  

P 1  = 301415926536 

N P 2  = N + 2 

NSMONE = NSONE - 1 

FLOW = 00 

PUSH = 0. 

DO 5 I = 1, NSt iUNE 

THETAV =i (THfTASII)+lHETAS(I+l))/~o 

THETAN = ATAN ( ( X S A U E R ( I ) - X S A U E R ( I + l ) ) / ( Y S A U E R ( I + l ) - Y S A U ~ R ( I ) ) )  

THETAT = THETAN - T H t T A V  

P 1  f P L T N ( F M S A U R ( I ) r P t F M V E C , N T A B L E )  

P 2  = P L T N ( F M S A U K ( I + ~ ) ~ P I F M V E C , N T A B L E )  

I 

P S  = ( P I  + P 2 ) / 2 0  

T 1  = P L T N ( P l p T , P * N T A B L E )  

T 2  = P L T N ( P 2 , T r P r N T A B L E )  

T S  = (11 + T 2 ) / 2 .  

G 1 = P L  TN ( P 1 9 GAMMA 9 P p NTAa L E  1 
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FURTKAN 1 V  PKLIGKAM L I S T I N G  OF S U B R O U T I N E  PEKFOR 

G2 = P L T N ( P 2 , G A M M A , P , N T A t j L E )  

G S  = (Gl + 1;2)/2. 

F M W l  = P L T N ( P l , f M W , P , N T A B L E )  

FMW2 = P L T N ( P Z , ~ M W , P , N T A D L E )  

FMWS = ( F M W I  + F M W 2 ) / 2 ,  

C S  = SQKT ( 3 2 . 1 7 4 * G S * 1 5 4 6 . 3 3 6 * T S / F M W S )  

VS = C S  * ( f M S A U K ( I ) + F M S A U R ( I + 1 ) ) / 2 .  

RHU = 144.0 t P h  * FMWS /(1546.336 * T S )  

D A  = P I  ( Y S A U t R ( I + L ) * * Z  - Y S A U k R ( I ) * * 2 )  

DA = A B S ( D A 1  

VN = VS C O S ( T H E T A T )  

FLOW = FLOW + DA*KHU*VN / 144.0 

P U S H  = PUSH + D A * ( P S + C O S ( T H E T A N )  

1 (144.0*32.1741) 

5 C O N T I N U k  

P U S H  = A B S ( P U S H 1  

F L O L  = A B S ( F L 0 W )  

P U L S E  = 0. 

DO 104 J = 2 ,  J L A S T  

I = J - 1  

RHU*VN 

C A L L  P O L Y ( Y W A L L ~ P W A L L , I t N , J L A S T I F M T K I X )  

KCOUNT = N P 2  

130 KCOUNT KCUUNT - 1 

POWtR = N P 2  - KCUUNT + 1 

1F ( K C O U N T )  112,  1 1 2 9  132 

/ C O S ( T H E T A N )  

VS C O S ( T H k T A V ) /  
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F O R T R A N  I V  PROGRAM L I S T I N G  O F  S U B R O U T I N E  P E K F O R  

132 P U L S E  = P U L S E  + F M l R I X ( K C O U N T p N P 2 )  ( Y W A L L ( J ) + + P O W E R  - 
1 Y W A L L ( J - L ) * + P O W E K )  / POWER 

GO TO 130 

112 P U S H S W ( J )  = 2 - + P i + P U L S E  + PUSH - P A + P I * Y W A L L ( J ) * Y W A L L ( J )  

104 C O N T I N U t  

I F  ( X W A L L ( J L A S T ) - X N L T H )  116, 116, 117 

117 P U S H S W t J L A S T )  = P U S H S W ( J L A S T - 1 )  + (PUSHSW(JLAST) -PUSHSW(JLAST- l ) )  

1 + ( X N L T H - X W A L L ( J L A S T - l ) ) / ( X W A L L ( J L A S T ) - X W A L L ( J L A S T - L ) )  

X W A L L ( J L A S T 1  = X N L T H  

Y W A L L ( J L A S T 1  = Y t X I T  

116 W R I T E  (6 ,641)  

641 FORMAT ( l H l ~ l O X , 4 7 H P k R F O R M A N C E  B Y  I N T E G R A T I N G  A L O N G  N O Z Z L E  CONTOUR 

1 l 5 H  A T  WALL P O l N T S / / 1 9 X ~ 1 H X ~ 1 2 X p l H Y ~ l 2 X ~ 6 H T H R U S T ~ 7 X ~  

2 1 1 H S P o  I M P U L S ~ ~ Y X ~ 2 H C F / 1 7 X , ~ H ~ I N - ~ ~ 8 X ~ 5 H ~ I N o ~ ~ l O X ~ 6 H ~ L ~ F ~ ~ ~ 6 X ~  

3 1 3 H ( L B F - S E C / L B M ) / / I  

DO 1 5 1  J = N S O N t ,  J L A S T  

S P I P L S  = P U S H S W ( J )  / FLOW 

CF = P U S H S W ( J ) / ( P C + P I * R T + R T )  

X = X W A L L l J )  

Y 5 Y W A L L ( J 1  

P U S H  = P U S H S W ( J )  

151 W R I T E  (6 ,642)  Xc Y t  P U S H (  S P I P L S ,  CF 

642 FORMAT ( L H O ~ 1 O X ~ 2 F 1 3 o 7 , F l 8 . 7 ~ 2 F l 4 ~ 7 )  

W R I T E  (6 ,636)  FLOW 

636 F O R M A T  ( / / I H O p L O X , 3 9 H M A S S  FLOW R A T E  B Y  I N T E G R A T I N G  A L O N G  THE 
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F O R T R A N  1 V  PROGRAM L I S T I N G  O F  S U B R O U T I N E  P E H F O R  

P 14H S T A R T I N G  L I N t / / l 2 X ~ l l H k L O W  R A T E  =eFl3-7r8H LBM/SEC) 

K f T U K N  

E N D  

1 0 3  



F O R T R A N  I 1  PROGKAM L I S T I N G  O F  S P - 3 7  P L O l l E R  PROGRAM 

C 

C A N  I t i M  7090 PROGRAM WHICH R E A D S  I N F O R M A T I O N  O B T A I N E D  FROM THE 

C A X I - S Y M M E T R I C ,  S U P E R S O N I C  N O Z Z L E  F L O U  PROGRAM, TRANSFORMS AND 

C W R I T t S  T H E S t  I N F O K M A T I O N  ON F O R T R A N  T A P E  16 TO F E E D  T H E  S C - 4 0 2 0  

C P L O T T E R  TO O B T A I N  M I C R O F I L M  P L O T S  O F  FLOW F I t L D  AND S T R E A M L I N E S  

C O F  T H t  At lOVE D E S C R I B E D  N O Z Z L E  

C 

D I M t N S I O N  X P L O T ( 2 5 0 1 ,  Y P L O T ( 2 5 0 ) r  B C D X ( 1 2 ) r  B C D Y ( 1 2 1 ,  X S A U E R ( 6 0 1 ,  

1 Y S A U E R ( 6 0 )  

P R I N T  600 

600 FORMAT ( l H l p l O X p 4 7 H D t S C R I B E  I N  THIS F I € L D  YOUR I N P U r  T A P E  R E E L  NO- 

1 511-1 AND T A P E  U N I T  ON WHICH THE FORMER I S  T O  BE M O U N T E D / l l X ,  

2 4 4 H A S  P A R T  OF YOUR I N S T R U C T I O N S  T O  T H E  O P E R A T O R )  

P A U S E  7 7 7  

R E W I N O  3 

R E A D  I N P U T  T A P E  3 ,  300, h D A T A  

300 FORMAT ( 1 5 )  

N C A S E  = 1 

35 R E A D  I N P U T  T A P E  3 p  301,  I S Y M ,  XCL,  XCR, Y C B I  Y C T  

301 FORMAT ( 1 1 0 , 4 F l O o 5 )  

R E A D  I N P U T  T A P E  3, 303, N P L O T ,  ( X S A U E R ( J ) , Y S A U E R ( J ) ~ J = l p N P L O T )  

303 FORMAT (110/ (12 l -10 .6) )  

L = - 1  

C A L L  L A b E L ( & C D X , 2 S H X - A X I S  ( A X I S  O F  S Y M M E T R Y ) )  

C A L L  L A U E L ( D C D Y * 6 H Y - A X I S )  
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FORTRAN 1 1  PROGRAM L I S T I N G  O F  SP-37 PLOTTER PROGRAM 

C A L L  Q U I K 3 L ( L , X L L , X C K , Y C ~ , Y C T , I S Y M , B C D X , B C D Y , N P L O l , X S A U E R , Y S A U E ~ )  

L = O  

NPLOT = 2 

20  READ INPUT T A P t  3, 304, ( X P L O T ( J I 9  Y P L O T ( J I 9  J = 1, N P L U T )  

304 FURMAT ( 6 F 1 0 . 7 )  

I F  ( X P L O T ( 1 )  - X P L U T ( 2 ) )  5, 10, 5 

10 I F  ( Y P L U T ( 1 )  - Y P L O T ( 2 ) )  5 ,  15, 5 

5 C A L L  O U I K 3 L ( L , X C L ~ X C K , Y C H ~ Y C T ~ I S Y M ~ ~ C D X ~ 6 C D Y ~ N P L O T ~ X P L O T , Y P L O T ~  

60 TO 2 0  

1 5  READ INPUT TAPE 3 ,  303, N P L O r r  ( X P L O T ( J 1 ,  Y P L O l ( J ) ,  J = 1, NPLOT) 

C A L L  O U l K 3 L ( L ~ X C L ~ X C K ~ Y C B ~ Y C T ~ I S Y M ~ ~ C D X ~ B C D Y , N P L O T ~ ~ P L O T ~ Y P L O T )  

L = -1 

C A L L  L A l j E L ( U C D X , 2 5 H X - A X I S  ( A X I S  OF SYMMETRY)) 

C A L L  L A ~ ~ E L ( U C D Y I ~ H Y - A X I S )  

C A L L  O U I K ~ L ( L , X C L , X C K , Y C H , ~ ~ ~ , I S Y M , B C D X , B C D Y , N P L O T , X P L O T , Y ~ L O T ~  

CALL ~ U I K 3 L ( L ~ X C L ~ X C K , Y C U ~ Y C T ~ I S Y M ~ H C D X ~ ~ C D Y ~ N P L O T ~ X ~ L O T ~ Y ~ L O T )  

L = O  

CALL ~ U I K 3 L ( L ~ X C L , X C K , Y C H ~ Y ~ T ~ I S Y M ~ ~ C D X ~ 6 C D Y , N P L O T ~ X S A U E ~ ~ Y S A U E R )  

C A L L  O U I K 3 L ( L , X C L , X C K , Y C D , Y C T ~ I S Y M , B C D X ~ B C D Y ~ N P L O T ~ X S A U ~ R ~ V S A U E R )  

READ I N P U T  TAPE 3 ,  300, NTOTAL 

NPOINT = 1 

NPLOT = 2 

3 0  HEAD INPUT TAPE 3 ,  3 0 4 ,  ( X I J L O T I J ) r  Y P L U T ( J ) r  J = 1, NPLOT)  

C A L L  O U I K 3 L ( L , X C L , X C K , Y C B , Y ~ T , I S ~ M , ~ C D X , ~ C D Y , N P L O T , X P L O T , Y P L O T )  

C A L L  O U I K 3 L ( L , X C L , X C H ~ Y C M , Y C i ~ I S Y M ~ B C D X ~ B C D Y ~ N P L O T ~ X P L O T ~ Y P L O T ~  
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FORTRAN 1 1  PROGRAM L I S T I N G  OF SP-37 PLOTTER PROGRAM 

IF (NPOINT - NTUTAL) 31, 259 25 

3 1  NPOINT = NPOINT 4 1 

GO TO 30 

2 5  I F  (NCASk - NDAI'A) 3 6 9  409 40 

36 NCASE = NCASE 4 1 

GO TO 3 5  

40 CONTINUE 

REWIND 3 

CALL E X I T  

END 
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PROGRAM UTILIZATION 

P r o g r a m  Input Data 

The input data c a r d s  should b e  se t  up ' as  follows: 

A. 

B. 

First c a r d ;  NDATA (number of nozzle c a s e s  to  be  run)  

FORMAT (15) 

One ca rd ;  KT, KC, KS (control  numbers)  

FORMAT (315) 

KT controls  input of thermodynamic data. If it is to be  r ead  in  

( F o r m a t  explained l a t e r ) ,  KT = 1. 

specific heats  ra t io  being constant) ,  KT = 0. 

being processed  and the thermodynamic data a r e  the same  a s  the previous 

c a s e ,  K T  = 2.  (Henceforth,  this fea ture  w i l l  be r e f e r r e d  to a s  "bypass". ) 

F o r  f rozen  flow (molecular  weight and 

If multiple nozzle c a s e s  a r e  

KC controls  the input of the contour points. 

KC = 0 for bypass.  

If the points a r e  to  be  

r ead  into the computer ,  KC = 1. 

KS controls  the input of the s tar t ing line. If points on a s tar t ing 

line a r e  to be read  into c o r e ,  KS = 1. 

OPTIMS) i s  to be  used, KS = 0. 

If Hall 's  s ta r t ing  line (Subroutine 

KS = 2 for bypass.  

C. One ca rd ;  NTABLE, NCT, NSONE, N 

FORMAT (415) 

NTABLE is the number of data points in  the thermodynamic 

table (a  data point i s  composed of a. p r e s s u r e ,  a tempera ture ,  a molecular  

weight, a ra t io  of specific heats ,  a Mach number,  and a re ference  Mach 

numb e r ) . 
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NCT is the number of contour points. 

NSONE is the number of points on the start ing line. 

N is the degree of the polynomial to descr ibe various contour 

segments. 

CAUTION. This c a r d  must  be read  into c o r e  for  each case.  

Thus, N may be var ied for multiple runs even if the contour points have 

been bypassed (KC = 0). 

D. One card;  PA, P c ,  TC 

FORMAT (3 F 10.7) 

PA is the ambient pressure ,  psia  

P C  is the chamber pressure ,  psia  

TC is the chamber temperature,  OR (for KT # 0, TC is not used 

by the program and can be assigned any a r b i t r a r y  value). 

E. The number of input cards  depend on the value of KT. 

1. If KT = 0, one card;  G, W 

FORMAT ( 2  F 10.7)  

G is the ratio of specific heats and 

W is the molecular weight, lbm/lb-mole. 

2. If KT = 1, NTABLE cards  

Each card;  P, T, FMW, GAMMA, FMVEC, FMSTAR 

FORMAT (6 F 10.7) 

P is the pressure ,  psia. 

T is the temperature,  OR. 

GAMMA is the ratio of specific heats. 

FMW is the molecular weight, lbm/lb-mole. 
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FMVEC is the Mach number.  

FMSTAR is the re ference  Mach number,  Ma. 

The c a r d s  a r e  a r r anged  according to the Mach number,  

e i ther  in  ascending o r  descending order. '  

3. If KT = 2, no c a r d s  a r e  needed. 

Note: F o r  KT = 1, i. e. for  equilibrium composition or 

f rozen  composition with var iable  specific heats ,  the requi red  input data  

may  b e  obtained f r o m  the computer  p r o g r a m  descr ibed in Reference 3. 

F. One ca rd ;  ISYM, XCL, XCR, YCB, YCT 

FORMAT (110, 4 F 10. 5) 

ISYM is a plotting symbol. Since a "line plot" i s  des i red ,  it is 

recommended that the value 42 be  assigned ISYM. 

left  and right sca le  l imits  on the x axis. 

upper sca le  limits on the y-axis.  

In most  c a s e s ,  XCL and YCB a r e  both given the values of zero ,  

XCL and XCR a r e  the 

YCB and YCT a r e  ,the lower and 

XCRan  integer jus t  g rea t e r  than the nozzle length, and YCT an  integer j u s t  

g rea t e r  than the exit radius .  

G. Two c a r d s  

F i r s t  c a r d ;  RNX1, RNX2, RPXl ,  RPX2, RPX3 ( in)  

Second c a r d ;  XN1,  XN2, XP1, XP2, XP3 ( in)  

FORMAT (5  F 10 .7)  

The f i r s t  c a r d  in  the se t  contains the five rad i i  of curva ture  in  

the throa t  region. 

a r c s .  

The second c a r d  contains the ranges  of these  c i r cu la r  

The throa t  geometry is i l lustrated in FIG 2. 
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Figure 2. Geometry of Throat 
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I f  numerical  contour points a r e  used to descr ibe  the throa t  

curva ture  instead of the c i r cu la r  a r c s ,  the five rad i i  of curva ture  m a y  

b e  given a r b i t r a r y  values.  

x-coordinate of the f irst  input contour point; a lso,  XP3 > XP2 > X P 1  > 

XN2 > XN1. 

zero ,  s e t  XP3 = X P 2  = XP1 = XN2 = XN1 = 0. 

However, XP3 must  be  sma l l e r  than the 

- - - 
F o r  example,  i f  the x-coordinate of the first input point is - 

Note: If the throat  i s  not descr ibed  by c i r cu la r  a r c s ,  points on the 

F o r  th i s  reason,  s ta r t ing  line must  be  specified a s  input to  the p rogram.  

it is recommended that the throa t  region be descr ibed by c i r cu la r  a r c s  

when possible.  

H. One c a r d ;  RT, ARATIO, XNLTH, ANL 

FORMAT ( 4  F 10. 7 )  

RT is the throat  radius ,  in. 

ARATIO i s  the ra t io  of the exit a r e a  to the throa t  a r e a .  

XNLTI-I is the nozzle length, in. 

The flow net downstream of the left-running cha rac t e r i s t i c  

f r o m  the axis  that in te rsec ts  the nozzle contour at the exit  is not neces-  

s a r y  to calculate the performance of the nozzle. 

is calculated on the nozzle axis ,  the intersect ion of the left-running 

charac te r i s t ic  f rom this point with the nozzle i s  determined.  

In o rde r  to calculate  the intersect ion point, the left-running 

Each t ime a la t t ice  point 

charac te r i s t ic  i s  assumed to be  s t ra ight .  

left-running charac te r i s t ic  is no longer computed if  the x-coordinate of 

the  intersect ion point i s  g rea t e r  than "some factor ' '  t imes  the nozzle 

The flow net downstream of the 
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length, XNLTH. This factor is ANL. If the left-running characterist ic 

f r o m  the cut-off point was actually straight, ANL would be unity. Since 

the character is t ic  is not usually straight,  ANL > 1. 

Set ANL = 5. 0 unless the approximate shape of the cut-off 

character is t ic  is known. 

I. Input c a r d s  depend on the value of KC 

1. If KC = 1, NCT c a r d s  

Each card;  X, Y (in) 

FORMAT ( 2  F 10.7) 

X and Y a r e  the coordinates of a contour point. The NCT 

cards  a r e  arranged in ascending order  of the X ' s .  

2. If KC = 0, no cards  a r e  needed, skip to J.  

Input c a r d s  depend on the value of KS. 

1. If KS = 1, NSONE cards .  

J. 

Each card;  XSAUER, YSAUER, THETAS, FMSAUR 

FORMAT ( 4  F 10.7)  

Each card  describes a point on the starting line. XSAUER 

and YiSAUER a r e  the x and y coordinates of the point (in), THETAS is the 

flow angle in degrees,  and FMSAUR is the Mach number a t  the point. 

NSONE cards  must be arranged in descending order  of the y ' s .  

The 

2. If KS = 0, one card;  SIGMA 

FORMAT (F  10.7) 

SIGMA = 1. 
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3. If KS = 2, no c a r d s  a r e  needed. 

I tems  A through J make up the input c a r d s  for  the ini t ia l  case .  

If success ive  c a s e s  a r e  to  b e  run, repea t  i t ems  B through J. 

P r o g r a m  Output 

After all input data has  been r ead  and processed ,  an  echo check 

will  b e  made to a s s u r e  that the input information was entered into s torage  

cor rec t ly ,  ( the thermodynamic table;  points on the s tar t ing line, geometr ical  

data,  chamber  and ambient  p a r a m e t e r s  a r e  printed).  

Information about each net point is pr inted immediately af ter  the 

point has  been computed. This information includes the following: 

1. The ma t r ix  subscr ip ts ,  I and J,  which identify the point 

2. The physical coordinates  of the point, i n .  

3 .  The Mach number,  M 

4. The re ference  Mach number,  M:X 

5 .  The flow angle at the point, degrees  

6. The static t empera tu re  a t  the point, OR 

7. The s ta t ic  p r e s s u r e  a t  the point, ps ia  

8. Magnitude of the velocity vector ,  f t / s e c  

9. The m a s s  density a t  the point, lbm/f t3  

10. Convergence to le rance  

11. Number of requi red  i terat ions 

12. An " e r r o r  indicator" which indicates the validity of the point. 

The value of the e r r o r  indicator is either 0 o r  1; a value of 0 

indicates  a l l  calculations proceeded as expected and no e r r o r s  w e r e  
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encountered, whereas  a value of 1 signifies an  e r r o r  occurred during the 

calculation of the characterist ic point. 

may b e  encountered a r e  discussed in the next section. 

The most  common e r r o r s  which 

The character is t ic  subroutine used to obtain a cer ta in  net 

point can be identified quickly by the values of I and J. 

a r e  N input points on the starting line. 

point is  computed by subroutine CASE 2. 

subroutine CASE 4 is used to obtain the point. 

the point is computed by CASE 3.  

subroutine CASE 1. 

Suppose that there  

When I is even and J = N - 1, the 

When I is odd and J = 1, 

When I is odd and J = N, 

All other points a r e  calculated by 

After the computation of the flow net has been terminated (either 

normally o r  by an  e r r o r  condition), the thrust, thrust  coefficient and 

epecific impulse a r e  printed for each calculated net point on the nozzle 

contour. Normally, the last point will be located at the nozzle exit. The 

last value to be printed is the mass flow rate.  

E r r o r  Conditions 

Mesh Size. Sometimes a characterist ic solution can not be obtained 

in the desired degree of accuracy because the mesh  s ize  is either too large 

o r  too small; however, the latter condition is seldom encountered. If such 

an  e r r o r  occurs,  the number of input points and/or  the distribution of the 

points on the btarting line must be changed. 

The required computer time is increased greatly if too many input 

points a r e  used and the flow solutions may be inaccurate if too few points 
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I 

a r e  specified. The required number of input points may vary  f rom about 

10 (low expansion rat ios)  to as many as 60 (high expansion ratios). About 

30 input points a r e  required for bell-shaped nozzles with expansion rat ios  

between 20 and 3 0 .  The maximum number of points on the starting line 

which may be read  into c o r e  is 60. 

Range of Thermodynamic Table. In some c a s e s  a thermodynamic 

independent variable may exceed the range of the thermodynamic table. 

When this happens, the range of the values in the table must be increased. 

The range of the thermodynamic table should be considerably greater  than 

the expected range of the variables to be determined since an  i teration 

technique is used to solve for these variables.  

Starting Line. The right-running character is t ics  f rom al l  points 

on the initial value curve must extend downstream of the curve. 

character is t ic  solutions will result  if  this condition is not satisfied. 

condition will be satisfied i f  subroutine OPTIMS is used to establish the 

starting line. 

Bad 

This 

Hall 's transonic solution (subroutine OPTIMS) and many other 

transonic flow solutions a r e  valid only if the ra t io  of the radius of curvature  

at the throat to the throat radius is grea te r  than 1. 

OPTIMS should be used only when this condition is true.  

Therefore,  subroutine 

Shock Waves. Shock waves a r e  frequently present  in nozzles that 

expand and straighten the flow very rapidly, i. e . ,  short  nozzles with high 

expansion ratios.  The method of character is t ics  will not yield valid 
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solutions a c r o s s  strong shock waves. Therefore, if  a strong shock wave 

is encountered during the computation of the flow net, the flow field down- 

s t r e a m  of the shock will not b e  computed. 

Characterist ic solutions can sometimes be obtained a c r o s s  weak 

oblique shocks (approximating the actual shock wave by an  isentropic 

compression). The construction of the flow net will continue in this case.  

Inaccurate Description of the Nozzle Contour. Any erroneous 

changes in the flow properties along the contour a r e  propagated along 

right-running character is t ics  toward the nozzle axis;  fur thermore,  these 

e r r o r s  become magnified as the waves approach the axis. Therefore, it 

is necessary that the nozzle contour be described accurately. 

The most  common contour e r r o r s  result  f rom the following 

violations : 

1. The existence of a discontinuity between two consecutive 

circular  a r c s  o r  between the last c i rcular  a r c  and the first 

numerical  .dontour point. 

2. Too few contour points a r e  used to descr ibe a segment of the 

boundary which has a rapidly changing slope. 

The specified degree of the polynomial which is used to 

curve-fit segments of the contour is too great  ( N  C 3 is 

3. 

- 
recommended). 

Sample Problem - Evaluation of a "Perfect Nozzle" 
. _ _ _ _ - . _ I _  

Given Information. A "perfect" nozzle, i. e. , a nozzle that produces 

paral le l  and uniform flow at the exit, is described by the following data: 
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I 

IT 

III 

IV 

V 

VI 

VI1 

VI1 

"Frozen" Chemistrv 

rat io  of specific heats = 1. 20 

molecular weight = 12. 0 lbm/lb-mole 

chamber temperature  = 5700 OR 

Chamber p r e s s u r e  = 630 psia 

Ambient p r e s s u r e  = 0 psia 

Nozzle length = 12.4244 in 

Throat radius = 1. 000 in 

Area ratio = 7. 050 

Throat Geometry 

RNXl = 4. 00 in, for - 5 .  0000 < x < XN2 = - 3 .  0000 - -  
RNX2 = 4. 00 in, for - 3 .  0000 < x < 0 - -  
RPXl = 4. 00 in ,  for 0 < x < XP1 = 0.1000 

RPXZ = 4.00 in, for 0.1000 < x < X P 2  = 0.2000 

- -  

- -  
RPX3 = 4. 00 in, for 0. 2000 < x < XP3 = 1. 0986 - -  
Nozzle Contour 

The flow-straightening section of the nozzle is described by the 

numberical data on page 121. 

P r o g r a m  Results. 

shown, planes 7 through 78 a r e  not shown. 

s t reamlines  a r e  shown in FIG 3 and 4 respectively. 

Only a sample of the computer printout is 

The character is t ic  net and 
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INPUT OATA AKE AS FULLOhS 

A H U I L N T  PRESSUKL. PA = 0. P S l A  

CHAHMtR P R t S S U R t .  PC = 630.00UOU00 PSlA 

CHAMtltK T C H P t K A T U K t  I C  =5700.0OU0u00 O L G K t E  H 

1HROAT R A O I U 5 .  K I  = 1.0000UtJ0 I N .  

NOZZLE LENGTH, X N L l H  = 12.4244112 I N .  

A R t A  RATLOI AC/AT = 7.0500U00 

R A D I I  01- T H t  N O L L L t  WALL I f u  1HE P i t I L t l l ~ U k t i 0 0 1 J  OF T H t  T H R I I A I ,  ASbUHING 
ALL THE C t N T t H S  OF K A O I I  L l L  UN I H t  Y - A A l S t  ANI) THk lR  E l - F E C T l V t  KANGtS 

H A O l U S  = 4.0000000 I N .  FOR X B E l W c L N  -5.0000000 I N .  AND -3.UOOOU00 IN. 
H A O I U S  = 4.0000000 I N .  I-OK X B E T H E L - N  -3.0000000 I N .  AND 0 .  I N .  
R A C l U S  = 4.0000000 I t a .  FOK X t l t I W c t N  0. I N .  ANU 0.1000CO0 I N .  
KAOIUS = 4.0000000 IN .  FIlK A n L l h L L N  0.IOU0000 I N .  A l l 0  0.L0000b0 I N .  
K A D I U S  = 4.0000000 l k .  I -OK X H t l W t t f 4  0.20U0000 I N .  AN0 I.U98>')YL, I N .  

THLHMOUYFiAHIC OATA 

PRESSURE I t M P t K A T U R t  NGLELULAR H1 S P t C l t l C  MACH NU H. 
I P S I A I  ( D k G R E t  W )  ILt l /LR-HflHE) HEATS R A l l U  

355.6185760 
317.4730606 
281.0505219 

215.2551117 

160.4732142 

116.9533434 
99.1269722 

70.3649Y69 
58.9044012 

2 4 6 . n 6 i 5 5 7 0  

in6 .4335270 

is7 .34nz304 

~ 1 3 . 6 7 0 4 ~ 8 8  

49.3055348 
4 i . i i 5 2 n 6 4  

2n.4247398 
23.5814519 

34.2153044 

19.5421124 
16.1814673 
13.3911843 

9 .1638405 

6.2726010 
5.1Y23085 
4 .3004043 
3.5641027 
2.9561972 
2.4541637 
2.0393Y LO 
1.6965229 
1.4129030 

i i . 0 7 n 3 4 9 2  

7.5807 I I 3 

i . 1 7 n i  io3 
0.9n356.78 
0.8222206 
0.6882654 
0.5 769CYO 

0.4070997 
0.342 I 1 4 4  
O . Z M 8 9 3 6 2  
0.2439579 

0 .1746966 

0.1258512 
0.1070583 
0.0Y 12078 

0 . 4 ~ 2 8 4 3  

0.2062bt14 

0 . 1 4 n i 6 4 9  

o . 0 7 7 ~ 1 ~ 9 9  

5 i n i . n i o i  7 6 3  
5084.7457UM6 
4'1 82.5 I 74 5 6 I 
4M75.'J623413 
4765.8Ub2Y15 
4653.06121d3 
453n.2165527 
4 4 2 2 . 0 3 2 5 ~ 2 ~  

4 0 7 i . * z n 5 n n ~  
3 Y  5 5.5110 3Y 5 3 
3 U 4 0.  ' I  70 3 369 
3727.Y2075lM 
3616.7512817 

3400.9546509 
3296.7033LiUL 

3096.1434326 
3000. COO0UUO 
2'J06.6802613 

2726.5782176 
2 64 3,7 84 7Y00 
2 56 I. 7 %J 7 7 2 Y 5 
24M2. 5 7 H 3 ' l ' J  7 
2406.0 711 5 2  1 7 
2132.24224U5 
22 6 I. 1JO 753 7 M 
2 I Y2 . 3  0 7 b I 6 2  
2126.0723817 
2U 6 2 . 2 2 8 6 3  I 1 
2000.707011 I 
1Y4 1.4 I b Y U O o  
LBH4.2Y15464 
LH2Y.26U3105 
117b.25431M7 
17L5.1H16101 
16 I>.Y7764>9 
l6ZM.5114411 
1582.M936615 
1538.M7h9C173 
1496.45576iJ0 
1455.566YUYM 
1416.149U93h 

1341.4921265 
13O6.141 1743 
1272.0374 156 

4 3 0 5 .  1 3 5 Y d  5 3 
4 I 86.0969 b4V 

3207.m2321n 

3192.0672607 

213 16.2055 359 

1 3 7 n . 1 4 3 ~ 2 7 4  

1 2 - 0 0  0 00 0 0 

12.0000000 
IZ.000000U 
12.0000000 
12.0000000 
12.0000000 
12.0000000 

12.0000000 
12.0000000 
12.0000000 
lL.OOOOOOO 
12.0000000 
IZ.000U000 
12.0000000 
12.0000000 
12.0000000 
12.0000000 
1 2 .  00ouooo 
12.000~J000 
12.0000000 
12.000u000 

12.000C1000 
12.0000000 
12.0000000 

12.0000000 
12.000C1000 
12.000u000 
1 2  .00ouooo 
12.0000000 
17.0000000 
l,?.0000nOo 
1 2 .  UO0OOOO 
I Z.OOU(JOOC1 

~ 2 . 0 0 0 0 0 0 U  

12.0000000 

12.00000(J0 

12.000~1000 

12.oooonno 

12.000000~J 

1 2 .  0000000 
12.000u000 

12.0000000 
1 2 . 00 0 ( I O  1) 0 
1 7. 000UrJ1)0 
12.000u000 
lL.0000000 
1,'.0000000 
I %.0000000 
12.0000000 

1 2 .  oooonno 

-1.2000000 
1.2000000 
1.2000000 
I .2000000 
1.2000000 
I .2000000 
1.2000000 
1.2000000 
1.2000000 

I I 2 0 0 0 0 0 0  
1.2000000 
1.2000000 
1.2000000 
I .  2000000 

I .2000000 
1 .20000GO 
1.2000000 
I .2000000 
1.2000000 
1.2000000 
I .2000000 
1.2000000 
1.2000000 
I .  2000000 

I .2000000 
1. 2000OOO 
1.2000000 
1.2000000 
I .  2000000 

I . 2 0 ~ 0 0 0 0  

i.2onoooo 

I .  2000000 

I .  2000000 
I .  2nooooo 

I .2onoooo 

I .2ooonoo 
i .2nnoooo 

1.2n00001) 

I .2ooonuo 

i.2oooonn 

I .2ooooon 

1.2000000 

I .  2000000 
I .  2000000 

1.2~J00000 

I.2000000 
1.2000000 

1 .200O~JO1) 

1.2000000 

1.2000000 

1.0000000 
1.lOOUOOO 
1.2000000 

1.4000000 
1.5000000 
1. t0000UO 
1.700C000 
1.8000000 
1.9000000 
2.0000000 
L.  1000000 
2.2000000 
2.3000000 
2 . 4 0 U 0 0 0 0  
L.5000000 
2.6000000 
L.7000000 

L. 9000000 
3.0000000 
3.1000000 
J.2000000 
3.300000D 
J.4000000 
>.5000000 
3 .6000000  
3 -  7000000 
3.8000000 
3.  9 0 0 O O O O  
4.0000000 
4 .1000000 
4.2000000 
4 .3000000 
S.4000UU0 
4.4999Y99 
4.6000000 
4 .  b99 99'4 <J 
4 .  H000000 
4. Y 00 00 00 
4.99.3 9 <> Y 9 
3. 100001J0 
2 .  19')'19YY 

3.4000000 
5 4YY '3WlQ 

5 .  69'4Y9,iV 

!B.9000000 

I .  3000000 

2.noooooo 

3.3uooni)o 

5.6ononuo 

3. onououn 

1 .0000000 
1.08Y64HO 
I .  1766968 
1.2610504 
1.34263 75 
1 .4214106  
1.4973437 
~ . ' ~ 7 0 4 3 0 n  
i .6406n37 
I .  7 0 8  1298 
1.7728105 
1 .H341785 
1.d940963 1 . ~ 5 0 n 3 4 5  

2.00 50 69  6 
2.U568833 
2 .1063604  

2.1986543 
2 . 2 4 1 6 4 8 1  
2.2826517 
2.3217702 
2.5590713 
2.3946446 
2.42851 14  
2.4609306 
2.491 7983 
2.5212478 
2.54Y34Y2 
2 . 5 l b 1 7 0 0  
2.601 7745 
2.626224 I 
2.6495774 
2 .6710899 
2.6932148 
2 .113co21 
2 .  1330995 
2.1517523 
2 .  I696032 

2.lJ030595 
2 .MI87396 
2.8337673 
2.M461753 
2 .  (1 6 19942 
2.4752531 
2.ub l Y 7 ~  
2.  ~ 0 0 1 9 9 2  
2.'21 LY 309 
2 .V2 32 158 

2.1535879 

2 .1866928 

C H I T I C A L  SONIC V t - L O C I T Y ,  C *  = 5U'77.44I16604 I - T / S t C  

120 



POllvTS D E F l N i N G  T H t  NOZZLE CONTOUR POINTS Oh THE STARTING LINE 

X 
( Ih . )  

17.1875000 
0 . 2 4 8 2 9 9 1  
0 . 3 1 0 5 1 0 5  
0 . 3 7 3 6 1 3 6  
0 . 4 3 7 5 2 9 9  
0 . 5 0 2 2 3 1 9  
0 . 5 6 7 7 1 2 2  
0 . 6 3 3 9 7 4 3  
0 . 7 C l i 3 4 8  
6 . 7 6 6 9 5 3 4  
0 . 8 3 7 7 1 9 6  
0 . 9 0 7 5 9 9 4  
17.9764004 
I .05G:179 
1 . C 9 b 5 9 9 5  
1 . 2 1  1 1 4 7 5  !. 3 6 0 2 3 2  > 
i . 5 4 4 5 2 0 5  
i . 7 3 4 9 3 5 9  
1 - 9 4 b S 3 2 4  
2 . 1 6 6 9 2 0 2  
2 . 3 9 0 6 7 1 9  
2 .  b 3  7L542 
2 . b 8 3 4 3 6 4  
3 . 1 3 6 9 6 0 7  
3 . 3 9 7 5 0 3 4  
3 . 6 6 3 3 2 4 b  
3 . 9 3 9 1 6 1 0  
L .22020C7 
4 .5063357 
4.8CG2039 
5 . 0 9 b 3 5 3 0  
9 . 4 0 4 3 5 0 6  
5 . 7 1 4 3 3 1 3  
6 . 0 3 2 1 4 1 9  
b . 3 5 3 6 5 2 8  
6 . 6 8 3 1  1 1 4  
7.0 1 5 1 0 0 9  
7 . 3 5 6 4 3 8 3  
7 . 6 9 9 6 2 1 +  
8 .0505751 
8 . 4 0 4 6 7 6 7  
8 .7651365 
9 .1300080 
9 . 4 9 9 2 2 5 0  
9.8 7 4 4 1  3 7  

1 0 . 2 5 1 6 9 9 4  
10 .6354506 
1 1 . 0 2 1 0 2 9 0  
11 .41  1 2 4 1 9  
11 .8049258 
12 .2C09778 
1 2 . 4 2 4 4  1 1 2  

Y 
I I N .  I 

1 . 0 0 4 3 9 6 9  
1 . 0 0 7 1 1 4 0  
1 . 0 1 2 0 7 0 3  
1 . 0 i 7 4 8 6 6  
1.0240G10 
1. G 3  1 6 5 5 5  
1. C 4 0 4 9 2 1  
I . O ~ G S S Y ~  
1 . 0 b 1 9 1 0 3  
1 .074607O 
1.LG671E1 
1 . 1 0 4 3 2 7 6  
1 . 1 2 1 5 2 3 9  
i .  I 4 6 4 1 2 9  
~ . ? 5 3 b 2 2 E  
1 . 1 0 5 ~ 7 C 2  
l . Z ~ Z C 8 8 9  
: . 2 0 L 2 4 3 6  
i . 3 ~ 5 9 2 4 9  
1 . 4 6 9 2 9 2 3  
1 . 4 7 4 9 9 5 5  
1 . 5 4 1 9 6 6 6  
1 . 6 b 9 3 3 5 3  
1 . 6 7 6 4 9 0 4  
1 . 7 4 i b 4  1 6  
1. E0 7 W O t ?  
1 . 6 1 1 1 3 9 5  
1 . 9 3 3 6 1 3 1  
1 .9936768 
2 . 0 5 1 3 1 3 9  
2 . 1 0 6 9 3 3 7  
2 . 1 > 9 1 4 4 7  
2.2 1G3560 
2 . 2 5 6 0 1 6 1  
2 .3032887 
2 - 3 4  5 4  9 0 8  
2 . 3 6 5 2 0 9 4  
2 . 4 2 1 7 7 5 6  
2 . 4 5 5 b 3 1 6  
2 . 4 6 6 7 3 9 6  
2 . 5 1 5 0 8 1 7  
2 . 5 4 0 4 1 9 9  
2 . 5 6 3 f 1 6 1  
2 . 5 6 3 0 3 4 1  
2 . 6 0 0 2 7 9 4  
2 .6150153 
2.62 1 1 2 6 1  
2 . 6 3 6 9 9 3 2  
2 . 6 4 4 4 7 4 0  
2 . 6 4 9 9 6 6 4  
2 . 6 5 3 5 1 3 6  
2 .6554474 
2 . 6 5 5 6 3 5 9  

MACH h0. = 

S P € C I F I C  HEAT RATIO = 
PRESSURt = 

TEKPERATURt = 
SOhlC V E L L L I T Y  = 

V E L C L I T Y  = 
DEhSITY = 

ROLECULAR WEIGHT = 

Mc = 
1 . 1 6 5 9 0 3 3  
1 . 1 4 7 0 1 6 0  
1 . 2 0 0 0 0 0 0  

2 9 3 . 4 6 9 3 8 3 2  P S l A  
5 0 1 7 . 3 7 3 8 4 0 3  DEGREE R 
4 9 9 6 . 2 3 3 U 3 2 2  F T / S E C  
5 8 2 5 . 1 2 4 1 5 5 9  FT/SEC 

0 . 0 6 5 3 6 2 1  LBH/CU-FT 
12.0 0 0 0 0 0 0 L B M / L B-#U L E 

X 
I l h .  1 

0 . 1 7 1 6 5 6 2  
5 . 2 0 1 2 3 1 6  
6 . 2 2 9 3 7 2 1  

C .  2 6 2 5 2 1 9  
0 . 3 C 3 5 7 0 5  
C. 3 2 4 3 6 3 2  
0 . I3447248 
0 . 3 6 2 8 8 1 4  
0 . 3 7 9 4 5 9 7  
3 . 3 9 4 4 6 6 8  
0 . 4 0 7 9 6 9 3  
0 . 4 1 9 5 9 2 9  
C. 4 3 0 5 2  1 6  
G . 4 3 ? 5 9 1 9  
0 . 4 4 7 2 4  1 9  
0 . 4 5 3 4 7 1 1  
C . 4 5 8 3 0 0 3  
0 . 4 6 1 7 4 1 3  
0 . 4 6 3 8 0 2 4  

0 . 2 > 5 7 9 5 0  

Y 
I Ih. I 

1.CG36849 
0.9535GC7 
0. ‘ j  C 3 3 1 6 4  
C.6531322 
c . i i c 2 9 4 7 9  
C. 7 5 2 1 6 3 1  
J. 7 0 2 5 7 9 4  
C . 6 5 2 3 9 5 2  
0 . 6 0 2 2 1 0 9  

0 .  9 0 1 8 4 2 5  
0 . 4 5 1  6 5 8 2  
C,. 4 0 1 4  7 4 0  
0 . 3 5 1 2 8 9 7  
C .  30111355 
0 . L 5 0 9 2 1 2  
G.2007370 
0 . 1 5 0 5 5 2 7  
0 . 1 0 0 3 6 6 5  
0 . 0 5 0 1 8 4 2  

0 . 5 5 2 0 2 6 7  

T H t T A  
( DEbREES) 

2 . 4 5 9 5 4 5 8  
2 . 4 9 5 0 9 4 6  
2 . 4 9 6 0 5 1 6  

2 . 4 1 7 5 8 5 0  
2 . 3 4 4 7 5 4 3  
2 . 2 5 3 1 6 5 1  
2 . 1 4 5 1 4 8 7  
2 . 0 2 4 6 6 3 1  
1 . 6 9 1 7 5 7 1  
1 . 7 4 b 6 2 3 8  
1 . 5 9 6 6 4 7 4  
1 . 4 3 1 L 4 7 1  
1 . 2 7 0 9 1 3 0  
1 . 0 9 9 2 2 b 8  
0 .9L2YO19 
0 . 1 4 2 7 7 9 9  
0 . 5 5 9 6 6 6 4  
0 . 3 7 4 3 3 3 6  
0 . 1 6 7 5 3 2 4  

i . 4 b 9 8 b 2 4  

0 . 4 6 4 4 8 8 9  -0. -0. 



CALCULATED POINTS ARRANGED RON K I S E  

I J  

2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
2 10 
2 11 
2 12 
2 13 
2 14 
2 15 
2 16 
2 17 
2 18 
2 19 
2 20 
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 . 7  
3 8  
3 9  
3 10 
3 1 1  
3 12 
3 13 
3 14 
3 15 
3 16 
3 17 
3 18 
3 19 
3 20 
3 21 
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
4 10 
4 11 

X Y n M* 
I IN.) IIN.1 

0.202&788 
0.2316969 
0.2 583077 
0.284400 7 
0.3081Y 82 
0.3303250 
0.3508075 
0.3 696 7.3 3 
0.3E6950Y 
0.4026685 
0.4168540 

0.4407346 
0.4504794 
0.45@7694 
0.465bb41 
0.47  11796 
0.4 752694 
0.4780235 
0.4 793b9i 
0.2311783 
0.2 334490 
0.2613641 
O.2b77012 
0.3122974 
0.3352COY 
0.3 5644 13 
0.376G486 
0.3940534 
0.4 104857 
0.4253751 
0.43874SY 
0.4506372 
0.4ClL621 
0.4700477 
0.4776145 
0.4 8 37804  

0.4919659 
0.4940066 
0.4946830 
0.26359S5 
0.26324 16 
0.2903273 
0.3157852 

0.36 1 J635 

0.4007182 
0.41 78948 
0.4335137 
0.4476052 

0.4293343 

0.4ea5603 

0.3395192 

0.38 iy 5 2 ~  

0.9565344 
0.90 75Y 78 
0.858U484 
0.8100502 
0.76 12060 
0.7123180 
0.6633685 
0.6144197 
0.5654136 
0.5163726 
0.4672989 
0.418 1Y 50 
0.36YUb35 
0.31YY071 
0.27(i7286 

0.1723189 
0.123LI93b 
0.073U59b 

1.0066860 
0.9 1 Cia040 
0.8633624 
O.blbti3Yj 
0.7686063 
0.7210717 
0.6734422 
0.6257244 
0.5779241 
0.5300464 
0.482 ir9 84 
0.4340b4L 
0.386CU96 
0.337abOY 
0.2897G4G 
0.24 14653 
0.1932312 
0.1443487 
0.096 64 4 5 
0.0483245, 
0. 
0.9638791 
0.866729t 
0.11207695 
0.7746473 
0.7267454 
0.6824799 
0.6360040 
0.5895097 

0.496G288 
0.44912 19 

0.22ij317 

0.024620~ 

0.542a280 

1.1677367 
1.1685399 

1.16Y8238 
1.1703 354 
1.170776b 
1.1711565 
1.17146YO 
1.1717755 
1.1720240 
1.17L~3Y.2 
1.1724251 
1.1725845 
1.1727201 
1.1728336 
1.1729264 
1.17~9Y6 
1.1730339 
1.1730856 
1.1731208 
1.2 01 702 6 
1.17G4041 
1.171Y;tO 
1. 1731945 
1.1743~14 
1.1752544 
1.1760 I62 
1 - 1  7 6 7 o 6 2 
1.1774U07 
1.1779328 
1.17b3Y36 
1.17~7’117 
1.1791342 
1.17?%266 
1.1796733 
1.17YU775 
I .  1 8C04 1 8 
l.lRU1678 
1.1802570 
1.1803201 
1.160i2C5 
1.205COlG 
1.1137976 
1.175YO55 
1.1777110 
1.1792b6Y 

1.1817432 
1.1827354 
1.1835Y33 
1.1843352 
1.1849764 

1.1692300 

l.le05Y4i 

1.1486119 
1.14Y3111 
1.14991 19 
I. 1504267 
1.1508741 
1.1512564 
1.1515906 
1.1518783 
1.152 1277 
1.1523440 
1.1525314 
1.1526931 
1.1528320 
1.1529500 
1.1530468 
1.15312Yb 
1.1531933 
1.1532405 
1.1532718 
1.1532967 
1.1781330 
1.1509339 
1.1522413 
1.1533629 
1.1543265 
1.1551560 
1.1558114 
1 -  15b4bY5 
1.1570243 
1.1574876 
1.1578bo6 
1.1582357 
1.1585333 
1.1587879 
1.1590026 
1.1591804 
1.1593234 
1.1594331 
1.15Y5108 
1.1595657 
I. 1594 790 
1.1809153 
1.1538879 
1.1557228 
1.1572945 
1.1586437 
1.1598043 
1.1608045 
1.1616682 
1.1624149 
1.16306O8 
1.1636189 

THETA 
IOEGI 

2.5352014 
2.554251 3 
2.5406397 
2.4995439 
2.4348923 
2.3500072 
2.2477203 
2.1304408 
2.0002246 
1.8588368 
1.7078009 
1.5484475 

1.2093702 
1.0316603 
0. R497096 
0.6643523 
0.4763803 
0.2665585 
0.3949 153 
3.31 32315 
2.5944336 
2.5980671 
2.570413 1 
2.5165412 
2 -4492052 
2.3445908 
2.2 324102 
2.1059729 
1.96725 10 
1. a 179432 
1.6595173 
1.4932604 
1.3203 154 
1.14171 12 
0.9583850 
0.7712104 
0.5 81 0099 
C. 3885670 
0.1942840 
0. 
3.3742009 
2.6382852 
2.6279406 
2.5874964 
2.5219161 
2.4348245 
2.3292896 
2.2079245 
2.0729593 
1.9262991 
1.7695873 

1.3819520 

T P 
( O E G  ~ R l  I P S I A )  

5015.5 292.80 
5014.7 292.51 
5014.0 292.26 
5013.4 292.04 
5012.8 291.86 
5012.4 291.69 
5012.0 291.56 
5011.7 291.43 
5011.4 291.33 
5011.1 291.24 
5010.9 291.16 
5010.7 291.03 
5010.5 291.04 
5010.4 290.99 
5010.3 290.95 
5010.2 290.91 
5010.1 290.8ir 
5010.1 290.86 
5010.0 290.85 
5010.0 290.84 
49d0.7 283.47 
5012.8 291.63 
5011.2 291.26 
5039.3 290.81 

5007.8 290.06 
5007.0 289.76 
5006.2 289.51 
5005.6 289.23 
5005.1 289.09 
5004.6 28d.92 
5004.2 288.78 

5003.5 286.54 
5003.3 286.45 
5003.1 288.38 
5002.9 288.32 
5002.8 288.27 
5002.7 288.24 
5002.6 288.22 

4977.2 279.34 
5009.3 290.59 
5007.1 28Y.83 
5005.3 289.17 
5003.7 288.60 
5002.4 288.12 
5001.2 287.70 
5000.2 287.34 
4999.3 287.03 
4998.5 286.76 
4997.9 266.52 

wo8.a 290.41 

5003.8 288.65 

5002.7 Z B E . ~ ~  

5833.2 

5839.6 
5842.4 
5844.6 
5846.6 
5848.2 
5849.7 
5851.0 
5852. I 
5853.0 
5853.0 
5854.5 
5855.1 

5856.0 
5856.5 
5856.0 
5856.1 
5856. 3 
5Y82.0 
5644.9 
5851.5 
5857.2 
5862.1 
5866.2 
5869.9 
5873.0 
5d75.7 
5878.3 

5836.7 

5855.0 

5aao.u 
5881.0 

5884.6 
5863.3 

58b5.6 
5886.3 
58d7.3 
5887.8 
Sob8.2 
5388.5 
5886.0 
5996.3 
5Q59.b 
5869.1 
5877.0 
5683.8 
5889.7 

5899.1 
5902. 8 
5906.1 
5908.9 

5894.7 

0.065238 -0.0000000 
0.0651&3 0. 
0.065136 -0.0000000 
0.065096 0.0000001 
0.065061 0.0000001 
0.065031 0.0000001 

0.064983 0.0000000 
0.064963 0.00000GO 
0.064947 0.0000000 
0.064932 0.0000000 
0.064919 0.0000000 
0.064909 0.0000000 
0.064839 -0.0000000 
0.0648’12 -0.0000000 
0.064685 0.0000000 
0.0648trO -0.0000000 
0.064877 -0.0000000 
0.064874 0.0000000 
0.064872 0.0000000 
0.062916 0.OOOOi)OO 
0.065057 -0.0000500 
0.064955 0.0000001 
0.064867 0.0000001 
0.064732 0 . O O O O i ) O O  
0.064727 0.0000000 
0.054671 0.0000900 
0.004623 0.0900009 
0.064581 0.0000000 
0.064544 0.0000000 
0.064513 -0.0000000 
0.064486 -0.0000000 
0.064463 -0.0000000 
0.064443 0.0000000 
0.064426 -0.0000000 
0.064412 -0.0000000 
0.064401 -0.COOOO00 
0.064392 -0.0000000 
0.064386 -0.0000000 
0.064382 -0.0000000 
0.064389 0 .  
0.062718 -0.0000000 
0.064826 0.0000001 
0.064683 0.0000300 
0.064560 0.0000000 
0.064454 0.0000000 
0.064363 0.0000000 
0.064285 0.0000000 
0.064217 -0.0000300 
0.064158 -0.0000000 
0.064108 -0.0000000 
0.064064 -0.0000000 

0.065005 O.OOOOOOO 

V DENSITY TOLERANCE 
( F T / S E C )  ILB/CU-FT)  

I T E R A T I C N  ERROR 
I N D  I CATOR 

2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



I J  X Y n n+ 
I IN.)  (IN.) 

4 12 
4 13 
4 14 
4 15 
4 16 
4 17 
4 18 
4 19 
4 20 
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
5 10 
5 11 
5 12 
5 13 
5 14 
5 15 
5 16 
5 17 
5 18 
5 19 
5 20 
5 21 
6 1  
6 2  
6 3  
6 4  
6 5  
6 6  
6 7  
6 8  
6 9  
6 10 
6 11 
6 12 
b 13 
6 14 
6 15 
6 16 
6 17 
6 18 
6 19 
b 20 
7 1  
7 2  
7 3  

F 
N l 4  7 5  

7 6  
w 

0.4601981 
0.4713192 
0.4809932 
0.4 892423 
0.4460858 
0.5015403 
0.5056192 
0.5083338 
0.5096853 
0.29202.24 
0.2952529 
0.2922903 
0.3185605 
0.3431933 
0.3660995 
0.3873184 

0.424 34 57 
0.4412254 
0.4560606 
0.4693823 
0.4812195 
0.49 15986 
0.5005436 
0.5080755 
0.5 142 127 
0.5 189701 
0.5223609 
0.5243869 
0.5250649 
0.3253854 
0.3261661 
0.32G6288 
0.3461171 
0-36YY586 
0.3920701 
0.4124963 
0.4 3 12794 
0.4484586 
0.4640706 
0.4781497 
0.4907274 
0.5013325 
0.5114911 
0.5 197263 
0.5265579 
0.5320026 
0.5360757 
0.5387795 
0.5401342 
0.3537755 
0.3580062 
0.3563688 
0.3482902 
0.3730297 
0-3961125 

0.4068683 

0.4021168 
0.3550229 
0.3078500 
0.26C6078 
0.2133064 
0.1659562 
0.1185676 
0.071 1502 
0.0237231 
1.0106739 
0.9225539 
0.8242862 
0.7797775 
0.7352179 
0.6904036 
0.64 53598 
0.6001079 
0.5546664 
0.5090521 
0.4632603 
0.4173653 
0.3713214 
0.3251622 
0.2789015 
0.2325533 
0.1861316 
0.139650d 
0.0931236 
0.0465747 
0. 
0.9717128 
0.8826626 
0.7834320 
0.7403321 
0.6970880 
0.6535114 
0.609638G 
0.5654980 
0.521 11 75 
0.4765198 
0.431 7260 
0.3867557 
0.34 162 79 
0.2963610 
0.2509732 

0.1599079 
0.1142651 
0.0685842 
0.0228644 
1.0156754 
0.9340594 
0.8442230 

0.7023709 
0.6603893 

0.2054828 

0.7441133 

1.1855287 
1.1860017 
1.1864031 
1.1861386 
1.1870125 
1.1872282 
1.1873881 

1.1875309 
1.2396448 
1.2089885 
1.1778211 

1.1827051 
1.184,6366 
1.1862974 
1.1877277 
1.1889618 
1.1900276 
1.1909479 
1.1917411 
1.1924219 
1.1930018 
1.1934901 
1.1938936 
1.1942177 
1.1944661 
1.1946489 
1.1947347 

1.2440492 
1.2135725 
1.1823900 
1.1854751 
1.1881119 
1.1903723 
1.1923144 
1.1939860 
1.1954268 
1.1966694 
1.1977401 
1.1986599 
1.1994458 
1.2001 146 
1.2006869 
1.2011 535 
1.2015204 
1.2017987 
1.2019613 
1.2020619 
1.2763090 
1.2490085 
1.2186722 
1.1874306 
1.1909067 
1.1936753 

la1875O20 

1.1804532 

1.1947321 

1.1640997 
1.1645115 
1.1648608 
1.1651529 
1.1653913 
1.1655791 
1.1657183 
1.1658175 
1.1658426 
1.2101386 
1.1842790 
1.1573903 
1.1596815 
1.1616418 
1.1633233 
1.1647688 
1.1660139 
1.1670882 
1.1680160 
1.1688170 
1.1695075 
1.1701002 
1.1706O50 
1.1710300 
1.1713813 
I. 1716633 
1.1718796 
1.1720387 
1.1721134 
1.1721112 
1.2138538 
1.188 1457 
1.1613675 
1.1640530 
1.1663484 
1.1683160 
1.1700065 
1.1714616 
1.1727159 
1.1737975 
1.1747295 
1.1755303 
1.1762144 
1.1767934 
1.1772763 
1.1776698 
1.1779793 
1.1782141 
1.1783512 
1.1784361 
1.2427532 
1.2180372 
1.1924474 
1.1657553 
1.1687812 
1.1713653 

THETA 1 P 
IOEG) (DEG R )  IPSlAI I 

1.6042490 
1.4315378 
1.2525712 
1.0'683 5 50 
0.8798141 
0.6878084 
0.4931521 
0.2963545 
0.0993828 
4.1866375 
3.4 193495 
2.6681828 
2.6450993 
2.5929332 
2.5165764 
2.4195414 
2.3047992 
2.1748849 
2.0319623 
1.8778840 
1.7142487 
1.5424500 
1.3637165 
1.1791395 
0.9897150 
0.7963536 
0.5999048 
0.4009522 
0.2012119 
0. 

3.4501633 
2.6853473 
2.6505936 
2.5876371 
2 .SO13190 
2.3950572 
2.2717464 
2.1338573 
1.9835021 
1.8224885 
1.6523861 
1.4745613 
1.2902164 
1.1004353 
0.9061962 
0.7084009 
0.5076964 
0.3057035 
0.1018421 
5.0740904 
4.2640274 
3.4679156 
2.6908332 
2.6453408 
2.5724 106 

4.2326427 

4997.3 
4996.8 
4996.4 
4996.1 
4995.8 
4995.6 
4995.4 
4995.3 
4995.3 
4940.3 
4972.9 
5005.2 
5002.5 
5000.2 
4998.2 
4996.5 
4995.1 
4993.8 
4992.7 
4991.8 
4991.0 
4990.3 
4989.7 
4989.2 
4988.8 

4988.2 

4987.9 
4987.9 
4935.6 
4968.1 
5000.5 
4997.4 
49Y4.7 
4992.4 
4990.4 
4988.7 
4987.2 
4985.9 
4984.8 
4983.9 
4983.1 
4962.4 
4981.8 
4901.3 
4980.9 
4980.6 
4980.4 
4980.3 
4899.1 
4930.3 
4962.6 
4995.4 
4991.8 
4988.8 

4988.4 

49t18.0 

286.32 
286.15 
286.00 
285.88 
285.78 
285.70 
285.64 
285.60 
285.59 
267.50 
277.98 
289.13 
288.17 
287.35 
286.65 
286.04 
285.52 
285.07 
284.68 
284.35 
284.06 
283.81 
283.60 
283.42 
283.27 
283.16 
28 3 ..07 
283.00 
282.97 
282.97 
265.99 
276.41 
287.46 
286.34 
265.38 
284.56 
283.85 
283.24 
282.72 
282.26 
281.67 
281.54 
281.25 
281.01 
280.82 

,280.66 
280.53 
2 8.0 .44 
280.38 
280.35 
254.28 
264.30 
274.67 
285.63 
284.36 
283.28 

V DENSITY TOLERANCE ITERATION ERROR 
IND ICATl [FT/SEC)  ILB/CU-FT) 

5911.3 

5915.2 
5916.6 
5917.8 
5918.8 
5 9 19  .-5 
5920.0 
5920.1 
6145.6 
6013.6 
5877.5 
5889.1 
5898.9 
5907.4 
5914.7 
5921.0 
5926.4 
5931.0 
5935.1 

5941.5 
5944.0 
5946.2 
5947.9 
5949.4 
5950.4 
5951.2 
5951.6 
5951.6 
6164.7 
6033.4 
5897.6 
5911.1 
5922.6 
5932.5 
5941.0 
5948.3 
5954-6 
5960.1 
5964.7 
5968.8 
5972.2 
5975.1 
5977.6 
5979.0 
5981.2 
5982.4 

5913.4 

5938.,5 

5983. I 
5983.6 
6311.0 
6185.9 
6055.5 
5919.7 
5934.9 
5947.9 

0.064026 -0.0000000 

0.063966 -0.0000000 

0.063925 -0.0000000 

0.063899 0.0000000 
0.063891 -0.0000000 
0.063889 0.0000000 
0.060507 -0. 
0.062465 -0.0000000 
0.064552 0.0000000 
0.064373 0.0000000 
0.064219 -0.0000000 
0.064087 -0.0000000 
0.063974 -0.0000000 
0.063876 -0.0000000 
0.063791 -0.0000000 
0.063718 -0.0000000 
0.063655 -0.0000000 
0.063601 -0.0000000 
0.063554 -0.0000000 
0.063515 -0.0000000 
0.063481 -0~0000000 
0.063453 -0.0000000 
0.063431 -0.0000000 
0.063414 -0.0000000 
0.063402 -0.0000000 
0.063396 0.0000000 
0.063396 0. 
0.060224 -0.0000000 

0.064241 -0.0000000 
0.064030 -0.0000000 
0.063849 -0.0000000 
0.063695 -0.0000000 
0.063562 -0.0000000 
0.063447 -0.0000000 
0.063348 -0.0000000 
0.063263 -0.0000000 
0.063189 -0.0000000 
0.063126 -0.0000000 
0.063072 -0.0000000 
0.063027 -0.0000000 
0.062991 -0.0000000 
0.062961 -0.0000000 
0.062938 -0.0000000 
0.062920 -0.0000000 
0.062910 -0.0000000 

0.058001 -0.0000001 
0.059904 -0.0000000 
0.061849 -0.0000000 
0.063896 -0.0000001 
0.063658 -0.0000001 
0.063455 -0.0000001 

0.063994 -0~0000000 

0.063943 -0~0000000 

0.063910 ~0~0000000 

0.062174 -o.ooaoooo 

0.062904 0~0000000  

1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
2 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 
3 
3 
3 
1 
1 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



I J  

7 8  7 
7 8  8 
1 8  9 
7 B  10 
7 8  11 
7 8  12 
78 13 
7 8  14  
7 8  15 
78 16 
78 17 
7 8  18 
7 8  19 
7 8  20 
7 9  1 
7 9  2 
1 9  3 
7 9  4 
7 9  5 
7 9  6 
7 9  7 
7 9  8 
7 9  9 
7 9  10 
7 9  1 1  
79 12 
7 9  13 
7 9  14 
79  15 
7 9  16 
7 9  17 
7 9  18 
7 9  19  
79  20 
7 9  21 
80  1 
80 2 
80 3 
80 4 
80 5 
80 6 
80 7 
80 8 
80 9 
80 Lo 
80 11 
80 12 
80 13 
80 14 
80 15 
80  16 
80 17 
60 18 
80  19 
8 1  1 
8 1  2 

3.8295361 
4.047 1193 
4.2406987 
4.4313905 
4.65 54491 
4.8483015 
5.0409374 
5.2731262 
5.4731308 
3. 652 8% 7 
5.0569110 
S .  808464 1 
5.7450725 
5.8776100 
2.7804860 
2.7819377 
3.0165619 
3.2384791 
3.4 6 300 10 
3. b713592 
3.8743222 
4.0720456 
4.2962359 
4.4 922 194 
4.6060452 
4.9197624 
5.1175243 
5.3155149 

5.7392977 
5.7 19 1529 
5. b 8 d l  3 50 

5 . 5 ~ ~ 5 9 5 7  

5. e420920 
5.96472e8 
5.964 728U 
2.7960451 
3.0367676 

3.4822384 
3.7‘0 85 I 50 
3.9168560 
4.120 1233 
4.3194268 
4.5516753 
4.75 11 162 
4.9480720 
5.1931603 
5.3971192 
5.5999Lt2Y 

3.2 645263 

1.2369071 
1.1646537 
1.0717242 
0.Y736362 
0.8880680 
0.7801551 
0.6664476, 
0.5626379 
0.4317105 
0.316414 1 
0.270506U 
0.1630133 
0.1146683 
0.0146604 
1.64 842 97 
1.6330988 
1.5664124 
1.4955265 
1.4289518 
I. 35 10197 
1.2680586 

1.1039615 
1.00b6540 
0.903b626 
0.8143119 
0.7004053 
0.5801505 
0.47U1725 
0.3491 O O b  
0.2940636 
0.1943513 
0.1521231 
0.043 139 1 
0.043 1391 
1,6454509 
1.5830399 
1.5155324 
1.44 30501 
1.3761 158 
1.2 95 1.97.1 
1.20%052 
1.1173491 
1.039G080 
0.9366807 
0.828 1544 
0.734 3288 
0.6137540 
0.4866692 

1. i 7 y ~ a 4 8  

2.537141 1 
2.6038662 
2.6517265 
2.698 1665 
2.7648523 
2.81 19245 
2.85b9258 
2.9204517 
2.96242 17 
2.9721296 
2.9761437 
2.9766167 

3.019Y2Y2 
2.274d711 
2.2743 5 13 
2.3289243 
2.38050dl 
2.449532 5 
2.4981576 
2.54681 13 
2.5936071 
2.6620958 

2.7559197 
2.8224948 
2.9688649 
2.912Y630 
2.9705761 
2.9796529 
2.9749519 
2.9813643 
2.9908336 
3.0500934 
0. 
2.2786676 
2.3346540 
2.3871982 
2.4380834 
2.5068177 
2.5559855 
2.6032200 
2.6507157 
2.71 Y4412 
2.7663834 
2.8121076 
2.8789946 
2.9228611 
2.96 15670 

2.9797 84 I 

2 . 7 0 ~ 8 6 2 t )  

2.0752597 
2.1081863 
2.1307895 
2.1527220 
2.1828145 
2.20378 11 

2.2500353 
2.26724‘10 
2.2712282 
2.2736945 
2.2730691 
2.2743675 
2.2904525 
1.9365768 
1.9363954 
1.9665211 
1.9944982 
2.0307343 
2.0559287 
2. 0800442 
2.1031974 
2.1356867 
2.1515821 
2.1187889 
2.2083257 
2.2262620 
2.2469642 
2.2705911 
2.2743 134 
2.2723856 
2.2750235 
2.2788986 
2.3G22505 
0. 
1.9387309 
1.9696292 
1.9981266 
2.0248021 
2.0602565 
2.0845833 
2.1.978811 
2.1303121 
2.1623494 
2,1835045 
2.2038598 
2.2326171 
2.25 102 34 
2.2668965 

2.2239887 

THETA ‘ 
(OEG)  

9.8226689 
9.1677011 
7.9510152 
6.7093970 
5.9444460 
4.6838953 
3.4018133 
2.5368770 
1.3438138 
1.0279827 
1.2067213 
1.7826027 
1.58350 10 

-3.4248706 
15.2464503 
15.1136401 
14.0107030 
12.8834105 
12.3087151 
11.150 1843 

9.9659019 
8.7 563547 
8.0970728 
6.8589181 
5.5923517 
4.8272185 
3.5483011 
2.2564792 
1.4836134 
1.1446748 
1.0254173 
1.6406798 
1.4929517 
1.3893254 
1.0893254 

15.1796757 
14.1020973 
12.9919312 
11.8534563 
11.279446 1 
10.1040540 

8.9023297 
7.6704539 
7.0093234 
5.7485595 
4.4571192 
3.7030770 
2.42151 18 
1.18 1405 I 

5.8269622 0.3823936 2.9880768 2.2777680 1.2848502 
5.8059162 0.3260646 2.9826032 2.2755234 1.1387402 
5.9487402 0.2175198 2.9771104 2.2732708 1.3583743 
5.9231290 0.1831386 2.9945898 2.2804390 1.3529261 
6.0631169 0.078b345 3.0483490 2.3015682 0.5021873 
2.8080094 1.6559316 2.2824610 1.Y408832 15.2464503 
3.0521211 1.5956838 2.3388818 1.9719221 14.1679517 

T P V 
(DEG R l  I P S I A I  I F T / S E C )  

3468.0 
3396.9 
3347.0 
3298.6 
3230.8 
3183.3 
3136.8 
3076.5 
3036.1 
3026.8 
3021.0 
3022.5 
3019.4 
2981.4 
3756.3 
3756.7 
3695.8 
3638.4 
3562.7 
3509.7 
3457.7 
3407.8 
3336.2 
3287.7 
3239.9 
3172.8 
3126.9 
3083.7 
3028.3 
3019.6 
3024.1 
3011.9 
3008.8 
2953.3 

3752.0 
3689.4 
3631.0 
3575.2 
3500.4 
3447.9 
3397.6 
3348.1 
3276.9 
3229.2 
3183.1 

3074.2 
3037.0 

3016.7 
3022.0 
3005.2 
2954.9 
3747.8 
3684.7 

0. 

3116.9 

3011.5 

32.06 10538.8 
28.24 10704.5 
25.92 10820.Y 
23.67 10930.5 
20.96 11084.9 
19.14 11190.4 
17.56 11294.0 
15.61 11425.7 
14.44 11513.6 
14.17 11533.6 
14.00 11545.9 
14.04 11542.8 
13.96 11549.2 
12.93 11630.9 
51.74 9834.3 
51.77 9833.4 
46.94 9986.5 
42.71 10128.2 
37.70 10312.9 
34.34 10439.0 
31.50 10563.2 
28.79 10679.3 
25.42 10845.6 
23.22 10955.6 
21.32 11064.6 
18.79 11214.0 
17.23 11315.5 
15.82 11409.7 
14.21 11530.4 
13.96 11548.5 
14.09 11539.3 
13.91 11552.5 
13.65 11571.6 
12.23 11691.4 

0. 0. 
51.37 9845.1 
46.47 10002.4 
42.16 10146.2 
38.49 10282.6 
33.82 10461.3 
30.97 10586.3 
28.27 10702.9 
25.97 10818.5 
22.80 109B0.4 
20.90 11088.3 
19.14 11190.8 
16.89 11337.3 
15.54 11430.8 
1 4 - 4 6  11511.8 
13.72 11566.0 
13.88 11554.9 
14.03 11543.B 
13.54 11579.2 
12.27 11688.0 
51.00 9855.8 
46.12 10014.1 

DENSITY TOLERANCE I T E R A T I O N  ERROR 
ILB/CU-F T 1 

0.010332 0.0000001 
0.009289 0.0000001 
0.008654 0.0000001 
0.008019 -0.0000000 
0.007250 -0.0000000 
0-006720 0.0000001 
0.006256 -0.0000000 
0.005670 -0.0000000 
0.005315 0.0000000 
0.005231 0.0000000 
0.0051 7 9  -0.0000000 
0.005192 0.0000000 
0.605165 -0.0000001 
0.004846 -0.0219269 
0.01 5392 0.0000000 
0.015399 0.0000000 
0.014192 -0~0000000 
0.013118 -0.0000000 
0.01 1824 - 0 ~ 0 0 0 0 0 0 0  
0.010935 0 .  
0.010182 -0.0000000 
0.009442 -0.0000000 
0.008514 -0.OOOOGOO 
0.007894 0.0000000 
0.007355 0.0000000 
0.006617 0.0000001 
0.006157 0.0000000 
0.005733 0.0000000 
0.005244 0.0000000 
0.005166 -0.0000000 
0.005207 -0.0000000 
0.005151 -O.OOaOOOO 
0.005069 0.0000000 
0.004629 -0.0000000 
0. -0.00’00000 
0.015300 -0.0000000 
0.014074 0.0000001 
0.012976 -0.0000000 
0.012030 -0.0000000 
0.010797 0.0000000 
0.010039 -0.0000000 
0.009298 0.0000001 
0.008667 0.0000000 
0.007774 0.0000000 
0.007232 0.0000001 
0.006718 0.0000001 
0.006054 0.0000000 
0.005650 -0.0000001 
0.005322 0.0000000 
0.005093 -0.0000000 
0.005140 0.0000000 

0.005036 -0.0000000 
0.004641 0.0000001 

0.013987 0.0000000 

o.oo5188 o.ooooooo 

0-015208 0 ~ 0 0 0 0 0 0 0  

2 
2 
2 
3 
3 
2 
2 
3 
3 
3 
2 
4 
3 
1 
2 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
3 
3 
3 
2 
4 
4 

13 
13 
1 
3 
3 
3 
3 
3 
2 
3 
2 
2 
2 
2 
2 
3 
3 
2 
4 
3 
5 
2 
3 

INDICATOR 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



I J  

81 3 
81 4 
81 5 
81 6 
81 7 
81 8 
81 9 
81 10 
81 11 
81 12 
81 13 
81 14 
81 15 
81 16 
81 17 
81 18 
81 19 
82 1 
82 2 
82 3 
82 4 
82 5 
82 6 
82 7 
82 8 
82 9 
82 10 
82 11 
8L 12 
82 13 
82 14 
82 15 
82 16 
82 17 
82 18 
83 1 
83 2 
83 3 
83 4 
83 5 
83 6 
83 7 
83 8 
83 9 
83 10 
83 11 
83 12 
83 13 
83 14 
83 15 
83 16 
83 17 
83 18 
84 1 
84 2 
84 3 

w 
N 
UI 

X Y H n. THETA 
t I N . )  1IN.l IOEG) 

3.2864446 
3.5101873 
3.7258371 
3.956bJ86 
4.1658165 
4.3710141 
4. 5727211 
4.8147h3i 
5.0184796 
5.22091.56 
5.47842 59 
5.6867780 
5.8659042 
5.89 4 u 0 75 
6.0356932 
5.9834741 
6.1463643 
3.0652 115 
3.30301 85 
3.5338906 
3.7539823 
3.9116523 
4.2096419 
4.4200160 
4.6280571 
4.8332213 
5.08661 14 
5.2953963 
5.3030367 
5.7732998 
5.9554826 
5.9322209 
6.1243197 
b.07 14442 
6.2068526 
3.2738V56 
3.3173308 
3.5518593 
3.7815559 
4.0041240 
4.2208943 
4.4660776 
4.6807052 
4.8925688 
5.1019316 
5.3683326 
5.5821252 
5.7946143 
6.0448280 
6.0223973 
6.1594283 
6.161 1184 
6.2992763 
3.5363269 
3.5673277 
3.8009218 

1.5325167 
1.463420b 
i.3aa6323 
i.32ia3oi 
1.2374280 
1.1469143 
1.0503990 
0.9690764 
0.861 101 8 
0.7463483 
0.6473962 
0.51591 1 d 
0.3971097 
0.36027 11 
0.2508758 
0.2059849 
o.io8415a 
1.6064714 
1.5434178 
1.4dC718d 
1.4093249 
1.3315442 

I. 1752216 

0.9784 178 
0.89347.11 
0.7191516 

0.5533746 
0.4308424 
0.3146857 
0.2849088 
0.2390893 
0.1296485 
1.7 I1 0 5 4 6 
1.5564800 
1.4938447 
1.42 6904 6 
1.3525141 
1.27 1232 7 
1.2017750 
1.1085862 
1.0082724 
0.9C07075 
0.81 14449 

1.263 14 r9  

i.oaoiii5 

0.65152~8 

0.6901570 
0.5615571 
0.4647344 
0.4085733 
0.2982861 
0.2128975 
0.1615655 
1.72511 14 
1.5051542 
1.4402313 

2.3928319 
2.4449670 
2.4943067 
2.5645030 
2.6126365, 
2.6604 192 
2.706633b 
2.7766127 
2.8227395 
2.8674897 
2.93302h9 
2.9710122 
2.97 76573 
2.99 1 1661 
2.9856656 
2.98 94910 
3.046 153 3 
2.3427962 
2.396984 1 
2.4 50 1,662 
2.5011904 
2.55 11214 
2.6214473 
2.6696421 
2.7165799 
2.7623429 
2.8332231 
2.8777d74 
2.9196497 
2.9808073 
2.9875340 
2.9803444 
2.9951252 
2.9974450 
3.0353238 
2.3652743 
2.4O08860 
2.4550343 
2.507 1610 
2.5580977 
2.60bblU7 

2.7260453 
2.7726668 
2.811d000 
2.0879159 
2.9301153 
2.9658944 
2.9977544 
2.9903995 
2.9826505 
3.0067408 
3.04 14833 
2.4223038 
2.4590237 
2.5115515 

2.6782323 

2.0011820 
2.0283692 
2.0539645 
2 .0888272 
2.1123265 
2.1348949 
2.1565774 
2.1881415 
2.2084309 
2.2276101 
2.2551931 
2.2707699 
2.2734950 
2.2790349 
2.2767793 
2.2783480 
2.30070Y4 
1.9140451 
2.0034340 
2.0313735 
2.0574723 
2.0821 797 
2.1164Y04 
2.1392506 
2.1610599 
2.1819540 
2.2129382 
2.2320981 
2.2497064 
2.2747809 
2.2175455 
2.2745970 
2.2806586 
2.2816099 
2.2964137 
1.9862361 

2.0335853 
2.0604264 
2.0856284 
2.1094862 
2.1433312 
2.1653256 
2.1863362 
2.2063072 

2.2539983 
2.26861 12 
2.2817368 
2.2787206 
2.2755428 
2.2852942 

2 .Oi66261 
2.0356520 
2.0625987 

2. 0055287 

2.2364785 

z.298882a 

13.0835739 
11.9628454 

10.2350125 
9.0430574 
7.8205481 
6.5659087 
5.9 054 180 
4.6230319 
3.3118389 
2.5938681 
1.3751248 
0.9425547 
1.2765911 
1.420 5 145 
1 .Ob92376 
0.3074343 
14.2340188 
13.149S444 
12.0552355 
10.9219494 
9.7529014 
9.1164731 
1.9650187 
b.1215616 
5 -442894 1 
4.7891222 
3.4919161 
2.1768021 
1.5734648 
1.1483062 
0.9214135 
1.5208541 
1.1439113 

-0.9234727 
14.0365749 
13.2167464 
12.1216981 
11.0154105 
9.8656489 
8.6792443 
8.1020135 
6.8713018 
5.6062956 
4.3043897 
3. 6 71 1424 
2.3775482 
1.1229987 
1.3563246 
1.1290878 
1.1017844 
1.2557755 
0.1381363 
12.9999883 
12.1895725 
11.0826037 

1o.a 11 1993 

T 
(DEG R )  

3624.7 
3561.7 
3513.8 
3438.8 
3387.8 
3338.0 
3290.0 
3218.8 
3172.6 
3128.3 
3064.4 
3027.9 
3021.5 
3008.5 
3013.8 
3010.1 
2956.9 
3680.3 
3620.1 
3561.4 
3506.4 
3453.1 
3378.6 
3328.4 
3219.9 
3232.7 
3162.2 
3118.1 
3011.3 
3018.5 
3012.0 
3018.9 
3004.7 
3002.5 
2967.0 
3655.4 
3615.8 
3556.7 
3500.0 
3445.7 
3394.1 
3,319.3 
3270.2 
3222.8 
3171.5 
3108.0 
3067.2 
3032.8 
3002.2 
3009.2 
3016.7 
2993.7 
2961.3 
3592.4 
3552.4 
3495.4 

P V D E N S I T Y  TOLERANCE 
L P S I A I  ( F T / S E C )  lLB/CU-FT) 

41.70 10161.4 
38.01 10300.8 
34.60 10429.3 
30.48 10607.1 
27.81 10726.1 
25.50 10841.1 
23.31 10950.4 
20.48 11111.> 
18-18 11214.5 
17.27 11312.6 
15.26 11452.3 
14.20 11531.3 
14.01 11544.Y 
13.64 11572.3 
13.73 11561.2 
13.68 11568.9 
12.32 11683.6 
45.80 10’225.0 
41.36 10112.6 
37.61 10316.1 
34.15 10446.8 
31.25 10574.1 
21.39 10141.7 
25.05 10863.6 
22.91 10973.7 
21.04 11080.5 
18.43 ii237.a 
16.93 11334.7 
15.63 11424.0 
13.93 11551.3 
13.14 11564.9 
13.94 11550.3 
13.53 11580.3 
13.46 11584.9 
12.57 11661.Y 
43.96 10086.1 
41.05 10183.0 
31.32 10321.3 
33.80 10462.2 
30.85 10591.5 
28.10 10711.3 
24.63 10884.0 
22.53 10995.8 
20.6> 11102.5 
18.94 11203.5 
16.59 11356.4 
15.34 11446.2 
14.34 11520.d 
13.45 11585.6 
13.66 11570.7 
13.88 11555.0 
13.24 11603.9 
12.43 11674.3 
39.58 10240.6 
37.04 10337.6 
33.55 10473.5 

0.012857 0.0000000 
0.011906 -0.0000000 
0.011005 -0.0000000 
O.OOY904 -0.0000000 
0.009174 -0.0000000 
0.008536 -0.0000000 
0.007919 -0.0000000 
0.007112 0.0000000 
0.006614 0.0000001 
0.006111 -0.0000001 
0.005565 -0.0000001 
0.005241 -0.0000000 
0.0051 b3 0.0000000 
0.005066 -0.0000000 
0.005114 0.0000001 

0.004657 -0.000G000 
0.013907 0.0000000 
0.012768 -0.0000000 
0.011802 0. 
0.010882 0. 
0.010114 -0.0000000 
0.009058 0.0000000 
0.038411 -0.0000000 
0.007806 0.0000001 
0.007273 -0.0000000 
0.006511 3.0000001 
0.006067 O.UOOOOO0 
0.005677 -0.0000000 
0.005156 -0.0000000 
3.005097 -0.0000000 

0.005031 ~0.0000000 
0.005011 0.0000000 
0.004136 -0.0000000 
0.013439 0.0000001 
0.012688 -0.0000000 
0.0 1 1 7 2 5 - 0.00 00000 
0.010792 0.0000000 
0.010005 0. 
0.009253 0. 
0.008293 0.0000001 
0.001699 0.0000001 
0.007139 -0.0000000 
0.006662 0.0000006 
0.005963 0.0000001 
0.005589 0.0000000 
0.005285 -0.00000GO 
0.005008 -0.0000001 
0.005072 -0.0000000 
0.005140 0.0000000 
0.004940 0 .OOOOOOL 
0.004691 -0.0000000 
0.012311 -0.0000001 
0.011653 -0.0000000 
0.010725 0.0000000 

0.005oao o.ooooooo 

0.005i60 -0.3oaot~oo 

I T E R A T I O N  ERROR. 

3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
3 
1 
3 
2 
5 
3 
3 
3 
3 
3 
3 
3 
2 
3 
2 
2 
3 
3 
2 
2 
3 
2 
5 
3 
3 
3 
3 
3 
3 
2 
2 
3 
2 
2 
3 
3 
2 
2 
3 
2 
4 
2 
3 
3 

I N D I C A T I  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



1 J  

84 4 
84 5 
84 6 
84 7 
84 8 
84 9 
84 10 
84 11 
84 12 
84 13 
84 14 
84 1 5  
84 16 
84 17 
8 5  1 
85 2 
8 5  3 
85 4 
85 5 
85  6 
85 7 
85 8 
85 9 
85 10 
85 11 
85 12 
85 13 
85 14 
85 15 
85 16 
85 17 
86 1 
86 2 
8b 3 
86 4 
86 5 
8 b  6 
86 7 
86 8 
86 9 
86 10 
86 1 1  
86 12 
86 13 
86 14 
86 15 
86 16 
87 1 
87 2 
87 3 
87 4 
87 5 
87 6 
87 ;I 
87 8 
87 9 

X Y M N+ 
I IN.) 11N. 1 

4 .O 3 16784 
4.2558298 
4.4 751 482 
4.7300946 
4.9490622 
5.1655945 
5.3 79bb 7 1 
5.6607890 
5.b797085 
6.062U7;IS 
6.1123523 
6.250Y 158 
6.1960550 

3.7570179 
3.7967634 
3.8176673 
4.0525217 
4.2 8 547 70 
4.5 127559 
4.735~542 
5.0020775 
5 - 2 262 2 04 
5.4461 773 
5.6617589 
5.9630579 
6.1503201 
6.12d4944 
6.3422592 
6.2886975 
6.426U470 
4.02 7 3 3  50 
4.0 5 7 5 747 
4.07G6i 11 
4.3078611 
4.5446365 
4.7759330 
5.0032942 
5.2831354 
5.5132406 
5.741051b 
5.9 64 5560 
6.2 36 7384 
6.2174442 
6.3542534 
6.361 1167 
6.5240547 

6.3935127 

4.2633698 
4.2980948 
4.32 11 153 
4.3274171 
4.568702b 
4.8102C03 
5.0466946 
5.2794182 

1.3703371 
1.2924434 
1.207300> 
1.1353191 
1.0367954 
0.9305831 
0.8165166 
0.722 3/44 
0.5940639 
0.4712356 
0.44202 68 
0.332~515 
0.2859697 
0.1951470 
1.8Y2457 I 
1.6716637 
1.4517659 
1.3838375 
1.31047bJ 
1.2284018 
1.13U2551 
1.06365b7 
0.95'91571 
0.84635~4 
0.7251761 
0.6261hb3 
O.SC4311~ 
0.44Hb96b 
0.3677649 
0.32~4516 
0.200>L 44 
1.8363683 
1.6157997 
1.3cjj5.735 
1.3241230 
1.2466139 
i.is9ai67 
1.06426ub 
0.986UY33 
0.8749379 
0.7549382 

0.5369950 
0.4alY536 
0.3 7 2 3 2 1 3  
0.3551224 
0.2406606 
2.0023724 
1-77 7 6645 
1.556831 1 
1.336037 I 
1.2603807 
1.1761594 
1.085Y406 
0.9843475 

0.6267389 

2.5639674 
2.6137979 
2.6626858 
2.7349222 
2.7R 19346 
2.82 7 763 I 
2.8714263 
2.9405109 
2.9761177 
2.981ilb6 
3.0006258 
2.993749 1 
2.9934407 
3.0493647 

2.47U4034 
2.5156 I32 
2.5682783 
2.6190445 
2.6697428 
2.7 177506 
2.7900373 
2.8372756 
2.88 11693 
2.921t354 
2 -9863 180 
2.9919205 
2.9837 760 
3.0053159 
3.0044100 
3.0321040 
2.4931334 
2.5338Y20 
2.5723460 
2.62 42 808 
2.6750880 
2.725UL10 
2.7725996 
2.8462197 

2.931&405 
2.966062 1 
3.0027001 
2.9946654 
2.9861510 
3.0159Y35 
3.0426890 

2.5474868 
2.588520b 
2.6264860 
2.680044 9 
2.7311473 
2.77Y7473 
2.8263457 

2.438b327 

2.6904~91 

2.505534a 

2.0885325 
2.1128768 
2.1359653 
2.1693261 
2.1905129 
2.2105910 
2.2293633 
2.2582615 
2.2728637 
2.2749523 
2.2829 807 
2.2800942 
2.2799678 
2.3019655 
2.0251903 
2.0456933 
2.0646380 
2.0906657 
2.1157325 
2.1392982 
2.1615875 
2.1944349 
2.2146805 
2.2335521 
2.2506015 
2.2770468 
2.2793443 
2.2760043 
2.2847369 
2.2843026 
2.2952144 
2.0533255 
5.0736521 
2.0926780 
2.1178276 
2.1421060 
2.1648640 
2.1863059 
2.2 185259 
2.2375591 
2.2 5470 58 
2.2667481 
2.2837 138 
5.2804700 
2.2769783 
2.2 889 13.2 
2.2993544 
2.0596218 
2.0803784 
2.1006808 
2.1198136 
2.1441636 
2.1676249 
2.1895271 
2.2099813 

THETA 
( O E G )  

9.9601761 
8.7947869 
7.5880696 
7.0130436 
5 -763 1528 
4.4784045 
3.1597694 
2.5755513 
1.3533979 
0.8610616 
1.3383922 
1.2998211 
0 - 83 10409 
0.3183081 
12.7322112 
11.9567560 
11.1513760 
10.0291278 
8.8921732 
7.7073 106 
6.4802596 
5.911 3476 
4.6449363 
3.3484734 
2.0309999 
1.5774399 
1.1085844 
0.8298510 
1.4993772 
1.0429116 

-0.1693507 
11.6777354 
10.9047116 
10.0991778 
8.9621058 
7.8077283 
6.6043432 
5.3568293 
4.8018579 
3.5281745 
2.2402261 
0.9899344 
1.3461499 
1.0812485 
0.9349505 
1.2539406 
0.1316348 
11.3888755 
10.6166540 
9.8408300 
9.0338293 
7.8797990 
6.7087495 
5.4872994 
4.2 2 16486 

5.5743324 0.9019093 2.8992676 2.2413333 3.6967816 

T 
l O E G  R )  

3439.4 
3386.6 
3335.6 
3261.2 
3213.4 
3167.6 
3124.4 
3057.2 
3023.0 
3018.1 
2999.2 
3006.0 
3006.3 
2953.9 
3574.4 
3531.2 
3491.0 
3434.8 
3380.3 
3328.2 
3218.7 
3204.6 
3158.2 
3114.8 
3075.2 
3013.2 
3007.8 
3015.6 
2995.0 
2995.9 
2970.0 
3515.2 
3471.5 
3430.5 
3375.6 
3322.0 
3271.3 
3222.9 
3 149.3 
3105.6 
3065.5 
3032.6 
2997.5 
3005.1 
3013.3 
2985.1 
2960.2 
3501.8 
3457.0 
3413.2 
3371.3 
3317.5 
3265.0 
3215.7 
3169.0 
3096.9 

P 
( P S I A  

V 
( F T / S E C  1 

30.51 10606.2 
27.76 10728.9 
25.39 10847.0 
22.17 11016.4 
20.27 11123.4 
18.61 11225.7 
17.14 11321.0 
15.05 11468.0 
14.06 11541.7 
13.92 11552.1 

13.57 11577.5 
13.57 11576.9 
12.25 11690.0 
38.44 10284.6 
35.71 10388.2 
33.31 10484.1 
30.26 10616.9 
27.46 10743.7 

22.86 10976.5 
19-92 11142.8 
18-29 11246.7 

15.57 11428.6 
13.77 11562.5 
13.62 11573.8 
13.84 11557.3 
13.27 11601.0 
13.29 11599.2 
12.65 11655.5 
34.69 10426.1 
32.25 10530.6 
30.03 10627.0 
27.25 10754.0 
24.16 10877.8 
22.57 10993.4 
20.65 11102.4 
17.99 11266.3 
16.50 11361.7 
15.29 11449.d 
14.34 11521.2 
13.33 11595.6 
13.54 11579.4 
13.7d 11562.1 
13.02 11622.8 
12.40 11676.7 
33.89 10458.0 
31.47 10564.Y 
29.09 10666.9 

13.37 11591.6 

25.05 io863.a 

16.81 11341.Y 

27.05 10764.8 
24.55 10888-1 
22.32 11007.6 
20.36 11118.4 
18.66 11222.5 
16.21 11380.3 

O E N S I T Y  TOLERANCE I T E R A T I O N  ERROR 
I NOICATOR ( L B / C U - F T l  

0.009913 0.0000001 
0.009159 0.0000001 
0.008506 0.0000001 
0.007597 0.0000001 
0.007050 -0.0000000 
0.006565 0.0000001 
0.006131 -0.0000001 
0.005502 -0.0000001 
0.005197 -0.0000000 
0.005152 -0.0000000 
0.004982 0.0000000 
0.005043 -0.0000000 
0.005046 -0.0000000 
0.004634 -0.0000000 
0.012016 0.0000001 
0.011299 -0.0000000 
0.010662 0.0000000 
0.009845 -0.0000000 
0.009079 -0.0000000 
0.008410 0. 
0.007793 0.0000001 
0.006946 0.0000001 
0.006471 0.0000000 
0.006032 -0.0000000 
0.005659 -0.0000001 
0.005108 0.0000000 
0.005059 -0.0000000 
0.005130 -0.0000000 
0.004951 -0.0000000 
0.004957 -0.0000000 
0.004759 -0.0000000 
0.0 1 102 d -0 . 000,0000 
0.010382 -0.0000000 
0.009781 0.0000500 
q.009020 -0.0000000 
0.008328 0.0000001 
0.007710 -0.0000000 
0.007160 0.0000001 
0.006383 -0.0000000 
0.005938 -@.OOOOOOO 
0.005575 0.0000000 
0.005283 0.0000000 
0.004969 -0.0000000 
0.005035 -0.0000000 
0.005109 0.0000000 
0.004875 0.0000000 
0.004683 0.0000000 
0.010816 0.0000000 
0.010171 -0.0000000 
0.009524 -0.0000000 
0.008965 0.0000001 
0.008269 -0.0000000 
0.007640 -0.0000000 
0.007075 0.0000001 
0.006579 0.0000000 
0.005848 -0.0000000 

2 
2 
2 
2 
3 
2 
2 
2 
3 
2 
2 
3 
2 
4 
3 
2 
3 
3 
3 
3 
2 
2 
2 
2 
3 
3 
2 
2 
3 
2 
4 
2 
2 
3 
3 
2 
3 
2 
3 
2 
3 
3 
2 
2 
3 
2 
4 
3 
2 
2 
2 
3 
3 
2 
2 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



I J  

87 10 
87 11  
87 12 
87 13 
87 14 
87 15 
8 1  16 
88 1 
88 2 
88 3 
88 4 
88 5 
88 6 
88 7 
88 8 
88 9 
88 10 
88 11 
88 12 
88 13 
88 14 
88 15 
89 1 
89 2 
89 3 
89 4 
89 5 
89 6 
89 7 
89 8 
89 9 
89 10 
89 11 
89 12 
89 13 
89 14 
8 9  15 
90 1 
90 2 
90 3 
90 4 
90 5 
90 6 
90  7 
90  8 
90 9 
90 10 
90 11 
90 12 
90 13 
90 14 
91 1 
91 2 

I- N 9 1  3 
.41 9 1  4 

9 1  5 

X Y H n t  
1 IN.) 1 I N .  1 

5.8108646 
6.0430316 
6.2326365 
6.3045509 
6.4450337 
6.3925346 
6.6216727 
4.5440146 
4.5716315 
4.5886361 
4.5897732 
4.8360423 
5.0835233 
5.3260743 
5.5648753 
5.8764208 
6. 1177527 
6.3142701 
6.2989797 
6.5339266 
6.4844887 
6.6283066 
4.7949015 
4.8274776 
4.8493014 
4.8618422 
4.8587587 
5.1112667 
5.3656628 
5.6150379 
5.8602868 
6.1878962 
6.3919579 
6.3813376 
6.5231490 
6.5745094 
6.7257962 
5.0940126 
5.1152309 
5.1327298 
5.1418717 
5.1357507 
5.3954528 
5.6575920 
5.9142115 
6,1640916 
6.4648700 
6.459 7034 
6.6075052 
6.5626637 
6.8209982 
5.3551385 
5.3981634 
5 -408 8 120 
5.42315 15 
5.4299924 

0.7835168 
0.6565140 
0.5354568 
0.5148166 
0.4064219 
0.3593458 
0.2750772 
1.9406197 
1.7155983 
1.4942107 
1.2724515 
1.1920197 
1.1043853 
1.0060874 

0.8 l O > ' O  17 
0.6851084 
0,5658247 
0.5127351 
0.4401114 
0.3933112 
0.2773969 
2.1059301 
1.8752723 
1.6495939 
1.4272314 
1.2042233 
1.1183118 
1.0245980 
O g l Y  5424 
0.8039205 
0.7121628 
0.5949993 
0.54328S4 
0,4360671 
0.4268837 
0.31 1262 7 
2.0407594 
1.805 /186 
1.5789641 
1.3552768 
1.1306264 
1.0385645 

0.8257113 
0.7030734 
0.6226137 
0.5726358 
0.4674342 
0.4225097 
0.3447983 
2.2022181 
1.9711197 
1.1312848 
1.5030555 
1.2776480 

0 . 8 3 7 7 6 ~ ~  

0.9380919 

2.94 143 63 
2.9759696 
2.9805579 
3.0057496 
2.9979998 
2.9959425 
3.0537576 
2.5585761 
2.6003350 
2.6433091 
2.684 1960 
2.7356314 
2.7857724 
2.8337136 
2.8783355 
2.9504916 
2.9854739 
2.9909087 
2.9829566 
3.0101315 
3.0079527 
3.0304827 
2.5896850 
2.6102737 
2.6538079 
2.696~4970 
2.7399204 
2.7901770 
2.8399261 
2.8855078 
2.9272981 
2.9944608 
3.0008752 
2.9934694 
2.9850717 
3.0200022 
3.0424884 
2.6419756 
2.6620860 
2.7058028 
2.7509930 
2.7944199 
2.0444624 
2.8917069 
2.9348012 
2.9697900 
3.0106937 
3.0037122 
2.9964076 
2.9941220 
3.0544116 
2.6501693 
2.6929185 
2.7127451 
2.7580867 
2.8033589 

2.258 64 10 
2,2728029 
2.2746846 
2.2849065 
2.28 18374 
2.2809937 
2.3036836 
2.0858653 
2.1065186 
2.1268142 
2.1461241 
2.1696457 
2.1922424 
2.2131490 
2.2323337 
2.2623545 
2.2767006 
2.2 7892 94 

2.2866204 
2.2857682 
2.2945803 
2.101 2568 
2.1112124 
2.1317725 
2.1521225 
2.17158 13 
2.1942274 
2.2158203 
2.2354518 
2.2528430 
2.2803861 
2.2830000 
2.2799796 
2.2765357 
2.29048 11 
2.2992760 
2.1261844 
2.1356821 
2.1562030 
2.1765686 
2.1961395 
2.2 1777 04 
2.2380826 
2.2559200 
2.2702687 
2.2868403 
2.2841096 
2.2811845 
2.2802595 
2.3039395 
2.1300541 
2.1502435 
2.1593317 
2.1797655 
2.2000984 

2.2756683 

T H E T A  
(DEGI 

2.4380590 
1.2274723 
0.7089652 
1.3216328 
1.1912404 
0.6801266 
0.4076403 

10.3225079 
9.5455024 
8.7660941 
7.9536956 
6.7836409 
5.5969197 
4.3605747 
3.0854738 
2.622 539.9 
1.4496750 
0.9653254 
0.6703 107 
1.4332261 
0.9489910 

-0.2447890 
10.7174703 

9.2476721 
8.4657204 
7.6788292 
6.8603506 
5.6754904 
4.4770779 
3.2356833 
1.9722788 
1.65501 19  
1.2024992 
0.9313103 

1.2012626 
0.1007244 
9.656 1269 
8.1662948 
7.3753676 
6.5812898 
5.7557976 
4.5605177 
3.361 2864 
2.1377321 
0.9549 187 
1.4196984 
1.1720018 
0.9992213 
0.4827759 
0.4101030 
9.3919352 
8.5915526 
7.07637 18 
6.2 774330 
5.4756618 

0.7269a23 

T 
DEG R 1  

3056.3 
3023.1 
3018.7 
2994.6 
3001.9 
3003.9 
2949.8 
3445.2 
3400.6 
3355.8 
3313.2 
3260.5 
3209.5 
3161.7 
3117.6 
3047.6 
3014.0 
3008.7 
3016.4 
2990.5 
2992.6 
2971.6 
3412.0 
3390.2 
3344.9 
3299.9 
3256.1 
3205.1 
3155.6 
3110.4 
3069.9 
3005.3 
2999.2 
3006.3 
3014.4 
2981.3 
2960.3 
3357.2 
3336.2 
3290.8 
3244.9 
3200.7 
3151.1 
3104.3 
3062.7 
3029.0 
2990.0 
2996.5 
3003.5 
3005.6 
2949.2 
3348.7 
3304.1 
3283.7 
3237.7 
3191.7 

P V D E N S I T Y  TOLERANCE 
PSIAI [ F T / S E C l  (LB/CU-FTI 

15.03 11470.0 
14.06 11541.4 
13.93 11550.8 
13.26 11601.9 
13.45 11586.1 
13.50 11581.9 
12.15 11698.7 
30.82 10592.7 

26.33 10800.7 
24.35 10897.9 
22.14 11018.0 
20.12 11131.9 
18.41 11238.8 
16.91 11335.9 
14.77 11488.9 
13.80 11560.8 
13.64 11571.6 
13.87 11555.7 
13.16 11610.9 
13.21 11606.4 
12.69 11652.2 
29.02 10669.7 
27.93 10720.3 
25.82 10825.9 
23.73 10927.5 
21.97 11027.9 
19.94 11141.8 
18.20 11252.5 
16.67 11351.3 
15.42 11440.2 
13.55 11578.9 
13.37 11591.9 
13.57 11576.9 
13.81 11560.0 
12.93 11631.0 
12.41 11676.3 
26.39 10797.5 

23.35 10948.4 
21.52 11053.3 
19.77 11151.2 
18.05 11262.5 
16.46 11364.3 
15.21 11456.0 
14.23 11528.8 
13.14 11612.0 
13.31 11597.7 
13.49 11582.9 
13.55 11578.3 
12.13 11700.0 
25.99 10817.2 
23.92 10918.3 
23.07 10964.7 
21.24 11069.5 
19.43 11171.1 

28.41 10695.8 

25.42 10845.0 

0.005494 -0.0000000 
0.005198 -0.0000000 
0.005158 0.0000000 
0.004947 -0.0000000 
0.005006 . 0.0000001 
0.005024 -0.0000000 
0.004602 -0.0000001 
0.009998 0.0000000 
0.009335 -0~0000000 
0.008767 -0.0000000 
0.008212 0.0000001 
0.007589 -0.0000000 
0.007004 0.0000000 
0.006507 0.0000001 
0.006061 0.0000000 
0.005417 O.OOOOUO0 
0.005115 0.0000000 
0.005068 -0.0000001 
0.005137 0.0000000 
.0.004916 -0.0000000 
0.004932 -0.0000001 
0.004771 -0.0000000 
0.009505 -0. 
0.009205 -0.0000000 
0.008626 -0.0000000 
0.008036 -0.0000000 
0.007540 0.0000001 
0.006952 0.0000001 
0.006445 0.0000000 
0.005988 -0.0000001 
0.005613 -0.0000001 
0.005037 O.OOQOOO0 
0.004982 -0.0000001 
0.005045 -0.0000000 
0.005119 -0.0000000 
0.004846 0.0000000 
0.004684 -0.0000001 
0.008785 0.0000000 
0.008514 -0.0000001 
0.007928 -0.0000000 
0.007412 -0.0000000 
0.006901 0.0000001 
0.006400 0.0000000 
0.005925 -0.0000001 
0.005550 0.0000000 
0.005251 0.0000000 
0.004912 -0.0000000 
0.004962 -0.0000000 
0.005020 0.0000001 
0.005039 -0.0000000 
0.004597 0.0000000 
0.008675 0.0000000 
0.008092 0.0000000 
0.007850 -0.0000000 
0.007329 -0.0000000 
0.006802 -0.0000000 

I T E R A T I O N  ERROR 

2 
3 
3 
2 
2 
2 
3 
2 
2 
2 
2 
3 
2 
2 
3 
3 
3 
2 
1 
3 
2 
4 
3 
2 
2 
2 
2 
2 
2 
2 
3 
3 
2 
2 
3 
2 
3 
2 
2 
2 
2 
2 
2 
2 
3 
3 
2 
2 
2 
2 
3 
3 
2 
2 
2 
2 

I N D I C A T O R  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



1 J  

r 
N 
co 91 6 

91 7 
91 8 
91 9 
91 10 
91 11 
91 12 
91 1 3  
91 14 
9 2  1 
92 2 
92  3 
9 2  4 
92 5 
92  6 
9 2  7 
92  8 
92  9 
92  10 
92  11  
9 2  1 2  
92  1 3  
9 3  1 
93 2 
93 3 
9 3  4 
9 3  5 
93 6 
93 7 
9 3  El 
9 3  9 
9 3  10 
9 3  1 1  
93 12 
9 3  1 3  
9 4  1 
9 4  2 
9 4  3 
94  4 
94 5 
9 4  6 
9 4  7 
9 4  8 
9 4  9 
9 4  10 
9 4  11  
94  1 2  
95 1 
95 2 
9 5  3 
95 4 
9 5  5 
95 6 
95 7 
95 8 
95 9 

x Y n M* THETA T P V D E N S I T Y  TOLERANCE I T E R A T I O N  ERROR 
I N D I C A T O R  t IN.) I I N . 1  [ OEGI (DEG R )  [ P S I A )  [ F T / S E C l  ( L R / C U - F T )  

5.42 1847 1 

5.9599422 
8.2219219 
6.43406C9 
6.5332475 
6.6677316 
6 .6401251 
6.8023071 
5.6693342 
5.7CYU154 
5.709>382 
3.7210953 
5.7275521 
>.1190220 
5.9942675 
0.2709342 
6 -4943260 
6.5036472 
6.7629967 
6.12V3630 
6.8930323 

5.99C.4053 
6.0279365 
6.0 1842 09 
6.02Y>5 1 4  
6 .034659 1 
6.02491b4 
L.3076661 
6 .5453563 
6.561475b 
6.72430Ob 
b. 8055992 
6.979V4h9 
6.2640132 
6.3195567 
6 . 3 5 6 ~ 2 9 6  
b.33h6624 
0.34 71574 
6.3523603 
6 .340>892 
6.5835661 
6.6129025 
6.7567270 
6.1654059 
7.0596809 
6.5903387 
6.6240967 
6.6579759 

6.6644447 
6.6741516 
6.6774914 
6.6179184 
6.65152CO 

5.6895744 

5.9520597 

6.6944993 

1.0509674 
0.9520790 
0.8442664 
0.7249L51 
0.6110732 
0.6C04181 
0.4975593 
0.4537783 
0.3302YSO 
2.1291321 
1.89632 79 
1.65 1LY3Y 
1.4211025 
1 .1930315 

0.8562842 
0.7435b4 I 
0.633 j v j  7 
0 .58d2410 
0.526Oob3 
0.4836211 
0.3695900 
2.2916800 
2.05Co3d3 
1 - 0 1 >  7105 
1.56510 70 

1.33LuTYl 
1.1020231 
0 .6706253 
0.7576034 
0.652432b 
0. 6 1 0 7 u i b  

0.5122bOi 
0 .3997130 
2.2C973bu 
1.966108: 
1 .72004 55 
1.4720515 
1.2309681 
1 .0041413 
0.7702373 
0.6607592 
0.62 935 37 
0.5346587 
0.49 744 l o  
0.4262614 
2.3743244 
2.12 134 57 
1.6748755 

1.3715466 
1.1336832 
0.8990271 
0.6796995 
0.6442723 

0.964554 I 

0.5115dac~ 

1.6344284 

2.8488565 
2.6061679 
2. 541.1361 
2.9112551 

3.01 3664 b 
3.0075461 
3.0056130 
3.0255129 
2.6997604 
2.7441576 
2.16 32874 
2.80b71C2 

2.9005455 
2.9457479 

2.99 15325 
2.9460025 

3.01 66099 
3.0312b51 
2 .7073183 
2. 743cJo14 

2.9037388 

2.8556104 

Z . Y ~ ~ ~ S Z Y  

3 . 0 i a 1 5 0 5  

2.793812 7 
2 .8123133 
2 . 5 5 6 o l 9 0  
2.9049004 
2.9502 / 9 ~  
2.93bl.rt25 
2.9sl6l a14 
2.993 9 66 n 
2.983; i 2 5  
3.32 731 9 3  
3 .  Wo4Y 5 1 
2.756251 8 
2.19823iO 
2 .3433619 
2. ?SU>460 
2.VOLd434 
2 .95  19 > V 2  
2.9926b70 
3.0033176 
3.COC6623 
2.9967355 
2.9961664 
3.C5YU59Y 
2.7631623 
2.8034262 
2. b46>6OO 
2.39011 13  
2.905b192 
2.950od21 
2.9916487 
3.0079712 
3.0037265 

2.2196605 
2.2400006 

2.2733301 
2.27 5 9  6 9 1 
2.2880023 
2.2856092 
2.2648531 
2.2926365 
2.1534842 

2.182 1092 
2.2023991 
2.2225634 
2.2418719 
2 .2604091 
2.2759169 

2 .2769420 
2.2897568 
2.2892325 
2 - 2 9 7 2 3 1 1  
2 .15od663 
2.1701037 
2 .1958659  
2.20394d3 
2.223 94 7 1 
2 .2436d49 
i . 2 6 2 2 6 7 4  
2 .2771975 
2.261661P 
2.2601635 
2.2778565 
2.2933429 
2.3316254 
2 .1789365 
2.1918515 
2.2 1730d4 
2 .2246853 
2 .2441205 
2.2629564 
2.2 796567 
Z.28383bO 
2.2829168 
2.28131ti9 
2 .2513316 
2.3057575 
2.1620528 
2 .2001213 
2 .2166722 
2 .2316546 
2.2440345 
2.2614327 
2.2792329 
2.2857778 

2.25851 79  

2.17348b1 

2 .2791852 

2.284a983 

4.6455 1 7 5  
3-45; 11308 
2 -2755307 
1.1406694 
0.6681155 
1.3918478 
1.2472247 
0.7 660 185  

-0.3989431 
8.328 1299 
7.5224422 

5 .1743131 
4.3686451 
3.5422099 
2.3739237 
1.2944642 
0.8679999 
0.6260969 
1.4716303 
1 .O229848 

-0.349 728 1 
6 .1074761 
7.2614965 

4;8841030 
4 .0736285 
3.27370 15 
2.4730229 
1.4039434 
1 .0324041 
0 . 8 2 9 5 i 7 3  
0.6540287 
1 .2547145 
0.2574026 
7.0458102 
6 .1959895 
5.3868632 
3.7928 1 4 1  
2.9 895343 
2.2 192533 
1.5133271 
1. ! 486382 
0.9965279 
0.8672493 
0 .4231330 
0.5277341. 
6 .874 1170 
5.4869400 
5.1360111 
4 .3338335 
2.7223479 
1.9 512396 
1 .2791653 
1.2 648309 
1.1146181 

5. ,> 8 1 3 9  67 

6 .4529128 

3146.7 
3099.9 
3b56.6 
3021.9  
3015.6 
2987.2 
2993.0 
2994.8 
2976.2 
3296.9 
3251.8  
3232.4 
3186.5  
3140.1 
3095.  6 
3052.2 
3015.8 
3008.1  
3313.4 
2983.1 
2984.3 
2965.2 
3289.  3 
3245.9 
3201.4 
3182.9 
3136.9 
3091.4 

3011.4 
3001.b 
3005.8  
3011.3  
2974.5 
2954.7 
3239.5 
3196.9 
3152.1 
3135.2 
3390.3 
3046.2 
3031.0 
2997.2 
2939.4 
3033.1  
3003.1  
2944.9  
3232.5  
3191.7 
3149.0 
3105-  3 
3090.5 
3047.4 
3008.0 
2992.6 
2994.7 

3047.  a 

17 .90  11272.1 
16 .31  11373.8 
15.03 1146Y.3 
14.03 11544.1 
13.84 11557.3 
13 .08  116111.1 
1 3 - 2 2  11605.6  
13.26 11601.0 

23.59 10934.2 
21.80 11037.7  
21.03 11081.3  
19.25 11183.2 
17 .61  11286.0 
16.17 11383.0 
14.95 11473.0  
13.85 11556.9 
13 .63  11573.0 
13.7d L1552.0 
12 .97  11627.2 
13 .00  11624.5  

23.29 10952.6 
21.56 11C51.J  
19.79 11149.0  
19 .13  11191.3 
17.57 11293.3  
1 6 . 0 4  11392.0  
14.78 114bY.4  
1 3 - 7 2  11566.2 
13.44 11586.5 
1 3 - 5 6  l l 5 7 7 . r  
13.72 11566.3 
12.76 11645.8  

21 .31  11065.3  
19.61 11159.0 
1e .08  11260.1 
17 .51  11297.5 
16.01 11394.9  
14.73 11491.9 
13.60 11515.4 
13.32 1 1 > 9 6 . 3  
13.38 11591.4 
13.4d 11583.>  
1 3 - 4 6  11523.b 
12 .03  11709.2 
21.03 11081.3 
19.43 11171.3 
1 1 - 9 6  11167.1  
16 .49  11362.2 
16.02 11394.4 
14.77 11489.5 
13.62 11573.3 
i 3 . 2 1  11606.5  
13 .26  11601.9 

1 2 . e ~  11642.2 

12.53 11665.6 

12.27 11686.3 

0.006357 0,0000000 
0.005880 -0.0000000 
0.005496 0.0008000 
0.005167 O.OOOOOU0 
0.005130 -0.0000000 
0.004831 0.0000001 
0.004935 0.0000001 
0 .004948 0.0000000 
0.004806 -0.OOCOOOO 
0.007996 -0.0000000 
0. C O  749 1 0 .  O O O O G O O  
0 .007269 -0.0000000 
0.006751 0.0000000 
0 .006290 0.0000000 
0.005836 -0.0000000 
0.005457 0.0000000 
0 .005132 0.0000000 
0.005002 -0.0000001 
0.005110 -0.0000000 
0.004859 0.0000001 
0.004869 -0.0000000 
0.004722 -0.0000000 
0 .007911 0.0000900 
0.007424 -3.0OOOUOO 
0.006909 -0.0000000 
0 .006716 0 . O O O G O O O  
0.006257 0.0000000 
0 .005799 -0.0000000 
0.005419 -0.0000000 
5 .005092 -0.0000000 
(3.005005 -0.0000000 
0 .005041 O.OOOOUO0 
0.005091 -5.0000000 
0 .004794 0.0000000 
0.004640 -0.0000000 
0 .007351 -0. O O G O O O O  
0.006856 0.0000000 
0.0064 11  -0.0000000 
0.006240 -0 .0000050 
0 .005790 0.0000000 
0.005404 0.0000000 
0.005952 0.0000000 
0.004'967 -C.OOOOOOl 
0.004983 -0.0000000 
0.005017 0.0000000 
0.005017 -0.0000G00 
0.054563 -0.0000500 
0.0072 70 -0.0050061 
5.006802 0.0000000 
0.006380 0.000000C 

0.0057Y2 -0 .000000G 
0.005415 -0.0000030 
0.005061 -0.0000000 
0.004932 -0.0000000 
0.004948 -0. GO00001 

0.005935 -0.00000O(i 

2 
2 
3 
3 
3 
1 
2 
2 
4 
2 
2 
2 
2 
2 
2 
3 
3 
2 
2 
2 
2 
3 
3 
2 
2 
2 
2 
2 
3 
3 
2 
1 
2 
2 
3 
2 
2 
2 
2 
2 
2 
3 
2 
1 
2 
2 
3 
2 
2 
? 

2 
2 
2 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 



a~ X Y U n.. T H E T A  T 
(IN.) 1IN.l I DEGI  I D E G  R l  

95 10 
95 11 
96 12 
96 1 
96  2 
96  3 
96 4 
96  5 
96 6 
96 7 
96 8 
96 9 
96 10 
96 11 
97 1 
97 2 
97 3 
91  4 
97 5 
97 6 
97 7 

97 9 
97 10 
97 11 
98 1 
98 2 
98 3 
98 4 
98 5 
98 6 
98 7 
98 8 
98 9 
98 10 
99 1 
99 2 
99 3 
99 4 
99 5 
99 6 
99 7 
99 8 
99  9 
99 10 

100 1 
100 2 
100 3 
100 4 
100 5 
100 6 
100 7 
100 8 

+ 100 9 
N 101 1 
9 101 2 

97 n 

- 

6.8395528 
6.8286471 
7.0106909 
6,9420925 
6.9735994 
7.00664 10 
7.0434412 
7.0017805 
7.0084143 
6.9 5 62 1.7 9 
6.6862035 
6.8790321 
6.8821 530 
7.0778098 
7.2730572 
7,3034497 
7.3332545 
7.3655569 
7.4025681 
7.343b 185 
7.2884201 
7 .0245657 
6.9146559 
6.9221286 
7.1345029 
7.6470568 
7.6 74 9 0'07 
7.7329936 
7.7339805 
7.76585182 
7.6252 123 
7.3566977 
7.2510751 
6.9582162 
7.1767694 
8.0040213 
8.0311408 
8.0563142 
8.0615976 
8.1050822 
8.0587599 
7.6935446 
7.5815027 
7.2967253 
7.2 150204 
8.4014713 
8.4250996 
8.4459628 
8.4614083 
8.3992862 
8.1296172 
7.9170138 
7.6290250 
7.5597438 
8.7875048 
8.8087060 

0.5543.284 
0.5204623 
0.4111488 
2.2818380 
2.0260156 
1.7763199 
1.532 7020 
1.2634609 
1.024041 1 
0.6066370 
0.6573015 
0.5691112 
0.5400886 
0.434261& 
2.4475023 
2.18248YL 
1.9231983 
1.6701175 
1.4233427 
1.149341 1 
0.9297173 
0.7838765 
0.5825112 
0.5548390 
0.4539868 
2 -3442572 
2.0754986 
1.8126129 
1.55631 1 7  
1.3083202 
1.0531213 
0.9065710 

0.5682191 
0.4688049 
2.51 1322 1 
2.2332260 
1.9606309 
1.6944809 
1.4371929 
1.2134708 
1.0296004 
0.8303063 
0.6931388 
0.4822972 
2.3963586 
2.1142218 
1.8382999 
1.5714224 
1.3406083 
1.1904019 
0.9525752 
0.8141207 
0.603 54 1 7 
2,5643372 
2.27 3344 5 

0 .7oa400~  

3.0040158 
3.0053886 
3.0259390 
2.8094726 
2.8505185 
2.8924092 
2 -9365 191 
2.9483962 

3.0055995 
3.0107533 
3.0093932 
3.0127706 
3.0347914 
2.8164662 
2.8553632 
2.8950381 
2.9367396 
2.9782471 
2.9837621 
3.0007026 
3.0081066 
3.0147208 
3.0181066 
3.0422429 
2.8612652 
2.8986769 
2.9380937 
2.9769105 
3.0136099 
2.9954 3 54 
3.0023720 
3.01 15574 
3.0234551 
3.04 7620 7 
2.86799 30 
2.9036544 
2.940641 7 
2.9768758 
3.0106652 
3.0263654 
2.9974288 
3.0058488 
3.01 93929 
3.0530013 
2.9096616 
2.9445398 
2.9781778 
3.0092695 
3.0227245 
3.0286221 
2.9997610 
3.0131061 
3.0457536 
2.8990554 

2.9800562 

2.94950 72 

2.2842284 
2.2847653 
2.2928031 
2.2027269 
2.2203741 
2.2383846 
2.2566247 
2.2614952 
2.2777596 
2.2048478 
2.2868636 
2.2063316 
2.2876526 
2.2962655 
2.2057337 
2.2224571 
2.2395148 
2.2567149 
2.2737370 
2.2759986 
2.2829325 
2.28582 04 
2.2884154 
2.2897396 
2.2991800 
2.2249946 
2.2410793 
2.2572702 
2.2731688 
2.2879809 
2.2807940 
2.2838201 
2.2871585 
2 - 2918120 
2.3012833 
2.2278674 
2.2431468 
2.2583151 
2.2731746 
2.2868291 
2.2929699 
2.2816033 
2 -2849453 
2.2902428 
2.3033878 
2.2456103 
2.2599137 
2.2737085 
2.2862832 

2.2938525 
2.2825597 
2.2877838 
2.3005531 
2.24 12420 
2.2619509 

2.291545a 

1.0409553 
0.6435878 

-0.3980157 
5.8239306 
4.9357514 
4.0911262 
3.3102610 
1.7024769 
1.031 1801 
1.01 17322 
I. 232 1898 
1.1629926 
0.8228245 

-0.1356434 
5.7086406 
4.78358 11 
3.90 18824 
3.0781150 
2.3474403 
0.8042795 
0.75403 14 
0.9718593 
1.2844543 
0.9486229 
0.0743755 
4.6807256 
3.7628459 
2 -9024536 
2.1279376 
1.5156071 
0.5240845 
0.7101249 
0.9813283 
1.0734520 
0.2204059 
4.6170393 
3.6746987 
2 -7791481 
1.9681301 
1.3090717 
1.2724700 
0.4782593 
0.6941294 
0.7817298 
0.3632043 
3.6266068 
2.7082617 
1.8628576 
1.1657454 
1.0604118 
1.2351162 
0.4471 753 
0.5043517 
0.1046625 
3.1247 153 
2.6781771 

2996.3 
2995.0 
2975.8 
3185.7 
3145.1 
3103.7 
3061.0 
3049.6 
3011.5 
2994.8 
2990.0 
2991.2 
2988.1 
2967.5 
3178.8 
3140.3 
3101.1 
3060.8 
3020.9 
3015.6 
2999.3 
2992.4 
2986.3 
2983.1 
2960.6 
3134.5 
3097.5 
3059.5 
3022.2 
2987.3 
3004.4 
2997.2 
2989.3 
2978.2 
2955.6 
3127.8 
3092.6 
3057.1 
3022.2 
2990.0 
2975.4 
3002.5 
2994.5 
2981.9 
2950.5 
3086.9 
3053.3 
3021.0 
2991.3 
2978.8 
2973.3 
3000.2 
2987.8 
2957.3 
3097.1 
3048.5 

P V D E N S I T Y  T O L E R A N C E  I T E R A T I O N  ERROR 
I P S I A )  ( F T I S E C I  I L B / C U - F T )  I N D I C A T O R  

13.30 
13.27 
12.79 
19.22 
17.8'4 
16.44 
15.16 
14.83 
13.72 
13.26 
13.14 
13.17 
13.10 
12.59 
18.99 
17.68 
16.35 
15.16 
14.00 
13.84 
13.37 
13.20 
13.05 
12.97 
12.41 

16.23 
15.12 
14.04 
13.08 
13.52 
13.32 
13.13 
12.85 
12.29 
17.26 
16.0d 
15.05 
14.04 
13.14 
12.78 
13.46 
13.26 
12.94 
12.17 
15.91 
14.94 
14.00 
13.18 
12.87 
12.73 
13.40 
13.09 
12.33 
16.21 
14.80 

17-48 

11598.3 
11601.2 
11643.0 
11184.9 
11275.7 
11365.8 
11459.6 
11484.5 
11566.0 
11601.6 
11612.2 
11609.4 
11616.3 
11660.9 
11200.5 
11286.3 
11371.4 
11460.1 
11546d1 
11557.3 
115.91.5 
11606.7 
11b20.3 
11627.1 
11675.8 
11299.1 
11379.1 
11463.0 
11543.3 
11618.0 
11580.9 
11596.2 
11613.7 
11637.9 
11686.5 
11313.6 
11389.7 
11468.3 
11543.3 
11612.0 
11643.9 
11 584.9 
11602.1 
11629.8 
11697.2 
11402.6 
11476.5 
11545.9 
11609.1 
11636.5 
11 648.5 
11589.6 
11617.0 
11682.8 
11379.9 
11486.8 

0.004960 0.0000001 
0.004950 -0.0000000 
0.004803 -0.0000000 
0.006743 -0.0000000 
0.006340 -0.0000000 
0.005918 0.0000000 

0.005435 0.0000000 
0.005093 0.0000000 
0.004949 0.0000000 
0.004912 -0.0000000 
0.004922 -0.0000000 
0.004898 0.0000000 
0.004740 -0.0000000 
0.006675 -0. 
0.006292 -0.0000000 
0.005891 0.0000000 
0.005533 0.0000000 
0.005178 -0.0000000 
0.005130 -0.0000000 
0.004983 0.0000000 
0.004931 0.0000000 
0.004884 0.0000000 
0.004860 -0.0000000 
0.004686 -0.0000000 
0.006233 0.0000000 
0.005854 0.0000000 
0.005522 -0.0000000 
0.005190 0~0000000 
0.004892 -0.0000001 
0.005028 -0.0000000 
0.004967 -0.0009000 
0.004907 0.0000001 
0.004822 -0.0000000 
0.004.647 -0.0000000 
0.006'165 0.0000000 
0.005810 -0.0000000 
0.005500 0.0000000 
0.005190 .O.OOOOOOO 
0.004913 0.0000000 
0.004800 0.0000000 
0.005011 0.0000001 
0.004947 0.0000001 
0.004850 -0.0000000 
0.004607 0.0000000 
0.005760 0.0000000 
0.005467 0.0000000 
0.005179 0.0000000 
0.004922 0.0000000 
0.004826 0.0000000 
0.004784 0.0000000 
0.004990 -0.0000000 
0.004895 -0.0000000 
0.004660 -0.0000000 
0.005850 -0. 
0.005425 -0.0000000 

0.005535 -0~0000000 

2 0 
2 0 
4 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
1 0 
3 0 
2 0 
3 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
3 0 
2 0 
1 0 
3 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
3 0 
2 0 
1 0 
3 0 
2 0 
2 0 
2 0 
2 0 
2 0 
3 0 
2 0 
2 0 
3 0 
3 0 
2 0 
2 0 
2 0 
2 0 
2 0 
3 0 
2 0 
3 0 
2 0 
3 0 
2 0 



1 J  

w 101 3 
101 4 0 

1 0 1  5 
1 0 1  6 
101 7 
1 0 1  8 
1 0 1  9 
102  1 
1 0 2  2 
102 3 
1 0 2  4 
1 0 2  5 
102 6 
1 0 2  7 
102  b 
1 0 3  1 
103 2 
103 3 
103 4 
1 0 3  5 
1 0 3  6 
103  7 
103 8 
104  1 
1 0 4  2 
104 3 
104 4 
104 5 
1 0 4  6 
104 7 
105 1 
105 2 
105 3 
105 4 
105  5 
105  6 
105  7 
1 0 6  1 
106  2 
1 0 6  3 
106  4 
106 5 
106  6 
107  1 
107 2 
107 3 
107  4 
1 0 7  5 
107  6 
108  1 
1 O B  2 
1 0 8  3 
108  4 
108 5 
10Y 1 

8.8 26664  1 
8.6353405 
6.7576650 
8.4701905 
b.3597062 
7.9663406 
7.8975255 
0.2019484 
L).222Y044 
9.2 2 646.75 
Y .  1343209  

8.6990663 
8.4 131 593 

9.622107t i  
9 .6220720 
9 . 6 3 3 b i b Y  
9.5288 154 
Y.205b616 
9.0571498 
n. 7541U31 
Y.7C44421 

l u . 3 5 6 7 0 3 8  
13.0369C95 

9 . 4 r 0 0 3 4 9  
Y - 6  C C 5 1 2 9 
9. 434204  1 

9 .3497406  
10.4955622 
10.4U43b73 
10.34 I >432  
10.0 I2CO6Y 

9.b297622 
Y . 4 ~ 2  7407 
Y.4147032 

10.9358486 
10.794357Y 
10 .4136853  
10.2425426 

9.8Y03353 
Y .  7 9 9 5 1  1Y 

11 .3771936  
11.2504803 
10.6674827 
10.6402223 
10 .3052025  
10.203631Y 
11.6957691 
11.3245128 
11.095871Y 
10.7C36777 
10.6255679 
12.00t -6340 

8. e258051  

a . 2 4 0 i o o i ~  

9.113bb27 

1.9870583 
1.71 14590  
1.4732757 
1.31 71Y8 1 
1.11 54694  
0 .9355005  
0.72102 51 
2.4345517 
2.1430'922 
1.8574142 
1.6119127 
1.44Y569b 
1.24 15609  
1.09hOO66 
0.839U845 
2.6051050 
2.2971243 
2.00Y2261 
1 .7566524  
1.5 b 1.9 5 3 2  
1 .3733901  
1 :223 3 1 6~ 
1.00 14 1 5 d  
2.464 5953 
2 .1578574  
l . Y C 7 j b a f  
1 .7324229  
1.511376Y 
1.3543935 
1.123845b 
2.633 5969 
2.321 3 6 3 1  
2.0 5 2 . 9  o 2 I 
1.8830231 
1 .6556560  
1.49 l o 5 6 3  
1 .2522391  
2 - 4 6  72i i04 
2 .215d715  
2.027s2BG 
l.bOLC567 
1.b352462 
1 .3870350  
2 .64940  7 1  
2 .3806562  
2.1907ai )b 
I .9493979 
1.7E493Hb 
1 . 5 2 8 i Y k L  
2.54 1aY9b 
2 ..3 5 59 4 M 2 
2.1122008 
1 .9272Yb i  
1 .6755159 
2.6545(382 

2.9809008 
3.00 94309  
3.0267293 
3.0248364 
3.032ci37Y 
3.C0648&3 
3.0369361 

2 .9849224  

3.020452 7 
3 .0227613 
3.027Y403 
3.0303258 
3.0282705 
2 .3445127  
2.9714512 
3.0 144944  
3 . 0 2 l V 2 8 3  
3.02 23o6b  
3.0256459 
3.034U84L 
3.06Cu331 
2.9776d50 
2.99'90LOo 
3 .  0 2 4 b i 2 5  
3.0231153 
3.02 51 O b 4  
3 . 0 3 1 1 3 ~ 3  
3 . 0 5 4 i b 9 4  
2 . 9 8  32200 
3.004 7 4 ~ 4  
3.30M>37O 
3.026016 7 
3 . 0 2 6 4 2 Y l  
3.93Gob64 
3.C503665 

3.0141182 
3.0101678 
3 . 0 2 5 ~ i 3 b  
3.93 1 7 U l 6  
3 . 0 4 8 8 i 7 3  
3.0125366 
3.0190077 
3.01512C8 
3.0123591 
3.0343744 
3 - 0 4 9  1 3 1 6 
3.02148.38 
3.0205816 
3.0179139 
3.0172396 
3 .05  10531  
3.0111314 

2.9374423 

3 . 0 1 1 i 8 6 4  

3.0093327 

H. 

2.2748498 
2.2863463 
2.2907772 
2 .2923726  

2.2 b 5  1 9  54 
2.2971051 
2 .2570031  
2 .2764744  
2 ..?a70721 

2.2915602 
2 .2935859  
2.2977261 

2 .2539026  
2 .2709500  

2.7912345 
2.2914059 
2 .2926885  
2 .2939889  
2 .3061382  
1 .2735067  
2 .2022561  
2.29 2 3664 
2.2Y 19568  
2 .2924774  
2 .2949744  
2 .3036838  
L .2757103  
2 . 2 8 4 5  125 
2.2860045 
2 .2930682  
2.2929948 
2.2946607 
2 .3024355  
2 .2865035  
2 .2881797  
2 . 2 b 6 6 4 i 4  
L .2940879  
2.29308M3 
2.3017553 
2 .2875611  

2 .2888065  
2 .2874916  
2 .2961024  
2 .3016744  

2.2907077 
2.2896643 
2.2894005 
2 .3026239  
2.2870115 

2.29S18b5 

2 .2906513  

i .  2937150  

2.2 b 6 3 i 6 S  

i .2900921 

i . 2 9 1 0 6 ~ 5  

1 0 9  2 11.7705045 2 .5165244  3.023UibO 2 .2916638  

THETA 
( O E G I  

1.81 1 4 8 5 1  
1.0792085 
0 .9163018  
1.  G207524 
1 .2249406  
0.2664801 

-0.1407494 

1.8014999 
1.0480057 
U.8321512 
0. B 756672  
0. '3 9 6Y 9 12 
1 .Ob26285 

-0.3466007 
2.2491930 
1.309d130 
1 .0586081  
u . l i 055219  
0 .7714285  
0 .8436488  
u .  8395439  
3.535 1166  
1.401311 1 
0 .5707065  

0.7653149 
0 .7547129  
3 .6915211  
0.3 240 146  

-1.4 728  I 1 7  
0 .6864979  
0.3271056 
0 .1624831  
0 .7263700  
0 .6080836  
0.1921416 
0 .7793b21  
0 .4528405  

0 .7427494  
0 .5852591  
3.1269981 
0. e064048  
0 .5539470  
0 .4132339  
0 .2355024  
0.606Y879 
U .  123444  1 
0 .5867843  
0.5159070 
0.3666164 
0.1014936 
0.1642341 
0.2797507 
0.549 7 596 

2.1813578 

0. a 2  1845 1 

0 . 2 8 5 5 2 a i  

T 
(DEG R l  

3018.3 
2991.2 
2980.6 
2976 .8  
2970.1 
2993 .9  
2965.5 
3060.1 
3014.5 

2980.9 

2973.9 
2964.0 
2973.6 
3053.3 
3027.4 
2966.5 
2979 .5  
2979 .1  
2976 .1  
2968.2 
2944.0 
3021.5 
3000.9 
2976.8 
2977.8 
2 9.1 6.6 
2970.6 

3016 .1  
2595.6 
2992.0 
2975.2 
2975.3 
2971.4 
2952.8 
2990.8 
2986.8 
2990.5 
2972.7 
2970.3 
2954.4 
29d8.3 
2982.3 
2985.3 
2988.5 
2967.9 
2954.2 
2979.9 
2980.8 
2983.3 
2983.9 
2952 .4  
2989 .6  
2978.5 

2 9 ~ 9 . 5  

2978.8 

2 9 r 9 . 4  

P 
(PSIA) 

13.92 
13.17 
12.91 
12.82 

V 
F T / S E C  1 

1551.6 
1609.4 
1632.5 
1640.8 

12.65 11655.3 
13 .24  11603.4 
12.54 11665.1 
15.14 11461.6 
13.81 11559.7 
13.13 11613.2 
12.92 11631.9 
12.86 11636.6 
12 .74  11647.1 
12.50 1166ki.r 
12.74 11647.7 
14 .94  11476 .4  
1 4 . 1 )  11532.2 
13.C6 11619.0 
12.8d 11634 .9  
12.67 11635 .b  
12.80 11642 .4  
12.60 11659.3 
12.00 11711.1 
14.01 11544.9 
13.42 115diJ . l  
12.82 1 1 6 4 0 . 0  
12.84 11638.7 
12 .81  11641 .3  
12.66 11654.2 
12.14 11699.7 
13.d6 11556.2 
13.28 11599.M 
13 .19  11637.7 
1 2 - 7 3  11644.4 
12.7d 11644.u 
1 2 - 6 8  1 1 6 5 2 . 6  
12.22 11692 .4  
13 .1b  11610.3 

1 3 - 1 6  11611.L 
12.72 11649 .  7 
12.66 11654.0 
12.26 11688.9 
13.10 11615.6 
12.95 11629 .0  
13.03 11622.3 
13.11 11615 .4  
12.60 11660.U 
12.25 116d9 .5  
12 .89  11634.0 
12 .32  11632.2 

12.99 11625.4 
1 2 . 2 1  11693.3 
13.13 11612.9 
1 2 - 8 6  11637.1 

13 .00  11619 .L  

1 2 - 9 8  11626 .b  

D E N S I T Y  TOLERANCE 
LB/CU-F T 1 

0.005155 0.0000000 
0 . 0 0 4 9 2 1  -0.0000000 
0 .004841  -0.0000000 
0.004bll 0 . 0 0 0 0 0 0 1  
0 .004760  -0.0000000 
0.004942 O.COOO000 
0.004724 -0.0000000 
0.,005528 -0.GOOOU00 
0.005120 -0 .0000000  
0 .004908  -0 .0000300  
G.004843 0.0000000 
0.004826 0 . 0 0 0 0 0 0 1  
0.004789 -0.UOOO000 
0 .004713  0 .0000000  
0 .004767  0 .0000003  

0 .00523  7 -0.0000000 
0.004885 0.0000000 
0.004t i32 -G.0000000 
0.004829 0.0000000 
0.004P.06 O . C O O O i 1 0 0  
0.004745 0 .0000000  
0 .004556  -0 .OOOOtJOO 
0.005183 -0.0000000 
0 .004997  0 .0000000  
0.004811 -0 .0000500  
0.00481'3 0.0000001 
0.0048G9 -0.0000000 
0 .004763  0 .3000001  
0 .004598  0.0000000 
0 .005135  - 0 .  
0 .004955 0.0009000 
0 . 0 0 4 9 i 8  -0 .0000000  
0.0047Y9 ' 0 . O O O O O i ) O  
0 .004800  0.0000000 
0 .004769  0 .0090001  
0 .004625  -0.0000009 
0.004918 0.0000000 
0 .0048d8  -0 .0000001  
0 .004916  0.0000000 
0.0047U'l  0 .  O O O O i r O O  
0.004761 0.C000000 
0 .004638  -0 .0000000  
0.004bYY -0. 
0 . 0 0 4 8 5 3  - 0 . O O O O i r O O  

0 .004900  -0.0000000 
0.004743 0 . 0 O O O O c ) O  
0 .004636  -0.0OOOUOO 
0 .004835  -0.0000000 
0.004342 -@.0000000 
0 .004861  - @ . O O O O ~ O O  
0.004866 0 .0000001  

0.004909 -0.0000001 
0.004824 0.0000000 

0.005463 o .oooooo0  

0.004877 - O . G O O O O ~ ~ ~  

0 .004622 0.0000000 

I T E R A T I O N  ERROR 
I N D I C A T O R  

2 
2 
2 
2 
3 
3 
2 
2 
2 
2 
1 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



1 J  X Y M M*  THETA T 
( 1 K . l  ( 114.1 [ OEGI (DEG R )  

1 0 9  3 11.5545416 
1 0 9  4 11.1617198 
1 0 9  5 11.0246063 
110  1 ’ 12.0ti30058 
110  2 12.0015tie6 

110 4 11.4911b90 
111 1 17.1573195 
111 2 12.3121752 
111 3 12.07172,ld 
111 4 11.9601579 
112  1 l i . 3 8 6 L i 2 G  
1 1 2  2 12.3bia44Y 
1 1 2  3 12.4159852 
113 1 12.61307q3 

l l G  3 11.0220704 

2.2769959 
2.089565i  
1 .8141311 
2.6287106 
2.4379356 
2.2530761 
1 . 9 7 4 5 0 i 5  
2.6 5 52 3 r i  
2.549d744 
2 . 4 1 4 3 0 7 ~  
2.1361646 
2.575bb4C 
2.5244jCi I 
2 .29524a i  
2.65b1649 

3 .0227823  
3.022b309 
3.532 8 0  14  
3. C.125668 
3.0251957 
3.0273514 
3.C37669C 
3.0140421 
3 .0142425  
3 . 0 2 9 6 L b b  
3.041Y51 7 
3 .01buI  3 2  
3.3 1 o i  304 
3 .043779 i  
3.511415b 

Z.2915664 
2.2915092 
2.2954811 

2.2925124 
2.7933555 
2.29735bti 
2 . 2881+99  
2.2883467 
2 .29424 i4  
2 .  2940661 
2 . ~ a d 9 2 0 9  
2.2906253 
2 .2997QUti 
i . 287122b  

i . 2 875 a07  

0.4716552 
0.2384074 

-0.3403’336 
0.2418109 
0.5064068 
0.3484328 

-0.1605739 
0.2797307 
0.1940319 
0.3871b13 

-0.052 1595  
0.2327317 
0.0757664 
G.000530 1 
0.0996157 

2978.7 
2978.9 
2969.4 
2988.3 
2976.5 
2974.5 
2964.6 
2986.5 
2986.4 
2972.4 
2960.9 

2932.4 
2959.1 
29tl9.3 

2385 .1  

P v 
P S I A I  ( F T / S E C l  

12.86 11536.6 
12.87 11636.3 
12.63 11656.9 
13.10 11615.9 

12.76 11645.Y 
12.52 11666.7 
13.07 11618.9 
13.05 11619.4 
12.71 1165C.5 
12.42 11675.2 
13.62 11622.4 
12 .56  11628 .0  
L2.38 1167b.Y 
13.13 l i 6 1 3 . 5  

12.81 11641.5 

D E N S I T Y  TOLERANCE I T E R A T I O N  ERROR 
L B / C  U-F T I NO I CATOR 

0.00462 6 
0.00482 7 
0.004754 
0.004895 
O.OC4 bo9 
0 .004793  
0.004719 
0.004669 
0 .004665  
0.004777 
0.004688 
0.004874 
0.004854 
0.004675 
0.0049O7 

-0.0000000 
-0.0000000 

0.0000001 
0.0000000 

- G .  GOO0000 
-0.0000001 
-C.O000000 
-0. 

0.0000000 
-0.0000000 
-0.0000000 
-0.00000li0 

0. oooool io  
-0.0000000 
-9. 

2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



I 

PEIIFORHANCE 81 

X 
I I N .  I 

1.5264932 

1.6013420 

1.6164133 

1.75178YS 

1.8L71071 

1.9024507 

I .9 1 1  5825 

2.02222a8 

2.1264130 

2.1997617 

2.271876S 

2.3426619 

2.41 I7362 

2.4180234 

2.5414870 

2.60 13149 

2.6566695 

L. 7060167 

2.7481907 

2.7804860 

2.8080094 

3.2138056 

3.75 10179 

4.2633698 

4.1949015 

5.3551385 

5. Y 520597 

6.5903381 

7.2130512 

8.00402 L 3 

8.7815048 

9.6221010 

10.4955822 

11.3771936 

LL.0086340 

12.1573195 

12.42441 LZ 

' I  I N T t G R A l l N G  ALUNb NOZZLE C0NIL)IJK AT HALL POINTS 

Y 
I I N .  I 

I. 2807687 

I. 30 3 59 7 3 

1.3265429 

I .5495206 

i.31236ri 

1.3952227 

1.4178751 

1.4401594 

L .4623057 

1.483Y85b 

1.5050065 

1.2256401 

1.5456586 

I .5643919 

1.582327~ 

I .>W2520 

1.614hM17 

1. b281320 

1.6 5Y h2 7 1 

1.648/1297 

I .  6559316 

1.7770546 

I .8Y24571 

2.0023 724 

2 . 1 0 5 q 3 0 1  

2.LOZL181 

2.2~lnR06 

2 . 3  140244 

2.44 75023 

2.5111L21 

2.564 3372 

2.6051056 

2.6333969 

L . ~ A Y ~ H ? ~  

2.6545082 

2.6552342 

2.6251836 

THRUST 
1Lt)F. I  

2745.1506348 

2 161.5909119 

2 177.6883H 50 

z t ~ 3 . 4 7 ~ ~ 1 ~ 4  

2808.8718567 

2 H Z  3. '3 I 30 5 54 

2838.5537720 

2M52.701049tl 

2866.4395752 

2 n  19.71 13953 

28Y2.4081116 

ZY04.5821440 

2916.2717590 

1927.103790,3 

2Y37.2617612 

2Y46.6823 130 

1955.2317200 

LY62.66b8701 

2 <J 6 8 . 9 3032 84 

1973.6709595 

2~77.6715333 

3039.6430054 

5014.4129639 

3143.0234375 

3185.0427246 

3 2 ~ 0 . ~ 7  11973 

3Z52.05831Yl 

5 2  IM.73065lY 

3300.Y951411 

3319.0037046 

3333.1553650 

5 3'13.46 1 2 2  4 L 

j350.1710510 

3)i3.7701~&5 

3354.8682556 

3325.02b8555 

3355.1458435 

SP. IMPULSE 
(LUF-SEC/LOMI 

323.3385963 

325.2750206 

3 2 r .  I 110663 

329.030960 1 

330.8440247 

332.6156578 

334.3401184 

336.0064621 

337.6246605 

339.1878853 

340.6833725 

342.1176491 

343.4941635 

344.7 700 15 7 

345.9671822 

34 7. or 6 o no o 

348.0830165 

348.9588280 

349.6965714 

350.25494 17 

350.7261581 

358.0254898 

366.4765892 

370.2021942 

375.1514511 

379.3722267 

383.0449066 

386.1865196 

388.808952 5 

390.9308014 

392.5969543 

39 3. R 1 1 5  38 7 

394.601 1543 

w5.025 1503 

395.1544151 

39s. 113095 7 

395.1871109 

MASS FLUW RATE U Y  I N T E G K A I I N t i  ALONG THE STARTING L I N E  

FLOW RPTE = 8.4900184 LBH/SLC 

132  

I 

CF 

1.386937 1 

L.3')53043 

1.4034376 

i.4ii4isn 

1.4191931 

1.4267928 

1.4341900 

1.4413380 

1.4482794 

1.4549851 

1.4614002 

1.4675526 

I .4734574 

1.4 7 8 9 3 0 3  

1.4840657 

1.4888224 

1.4931420 

1.4968987 

1.5000633 

1.5024285 

1.5044198 

I * 53579 11 

1.5634639 

1.5880245 

1 . 6 0 9 2 5 4 9  

1.62 13604 

1 . 6 4 3 1  148 

I .6565911 

1.6678403 

1.6769422 

1.6840894 

1.6812995 

1.6926866 

1.6945054 

1. 6'320499 

1.695L400 

1. 695L001 



APPENDIX A 

THE CHARACTEIUSTIC UNIT PROCESSES 

CASE 1, Calculation of a General  Field Point 

Given the flow proper t ies  at points r and I ,  the  proper t ies  at 

point n a r e  to  b e  determined. 

FIG A-1. In FIG A-1, i r e f e r s  to the i teration. 

This unit p rocess  is i l lustrated in  

The flow proper t ies  at point n a r e  calculated by  the following 

relat ions:  

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

8. 

9.  

-*< 

Obtain MI" and Mr:' f r o m  the thermodynamic table  (Mi and Mr 

as  inputs) 

1 
ai = sin- '  - 

Mm 
1 ar = sin- '  - 

Mr 

XI = tan (01 + c ~ m )  

X, = tan (e, - ar)  

133 



r / 

Figure A-1. Field Point Unit  Process 
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.I. 

14. Obtain M, f r o m  thermodynamic table  (M,'" as input) 

1 
an = sin- '  - 

Mn 
15. 

16 .  An = tan (8, f Q ~ )  

17. A,' = tan (0, - on) 

cot  CYn 
18. H, = 4, 

Mn". 

1 3 5  

I 



31. If ei ther len(i) - 0nl - < o r  the number of i terat ions exceeds 50, 

r e tu rn  to  the  main  program;  otherwise,  s e t  8n = 8n(i), Mn* = Mn(i)*Y 

xn = xn(i), and Yn = yn(j,), increment  the i te ra t ion  counter by 1 and 

r e tu rn  to  s tep  14. 

CASE 2, Calculation of a Field Point Adjacent to the Axis 

Given the flow proper t ies  at a point on the ax is  of symmet ry  and 

at the field point adjacent to  the axis ,  a point adjacent to the ax is  is calcu-  

lated. The unit p r o c e s s  for  CASE 2 is the s a m e  as  the one for  CASE I 

except that  81 = 0 and yp = 0 ( s e e  F igure  A - 1 ) .  However, because of 

s eve ra l  indeterminate  f o r m s  which resu l t  for 81 = 0 and y i  = 0, formulas  8., 

12. , 13. , and 25. l is ted under CASE 1 iriust be replaced by  the following 

relations:  

136  



CASE 3, Calculation of a Point on the Axis of Symmetry  

Given the flow proper t ies  at point r ,  the proper t ies  at point 

n (Yn - - 0, 8, = 0) a r e  to b e  determined. This unit p rocess  is i l lustrated 

in  FIG A - 2 .  

The flow proper t ies  at point n a r e  calculated by the following 

relations:  

.L 

1 .  Obtain Mr' f r o m  the thermodynamic table using the known value of 

3.  A, = tan (0, - cyr)  

cot  CYr 
4. Hr 1- 

Mr "' 
sin 8, s i n o r  

5. 
'r = Y r  cos  (e, - or) 

a. Obtain Mn f r o m  thermodynamic table by enter ing Mn 

cyn = sin" - 
Mn 

1 
9 .  

10. An = tan (0, - an) 

1 3 7  



Axis -- 

Figure A-2.  Unit Process  for Point on Axis  of Symmetry 
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~~ ....... .. ,. .. . , .. . 
I 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

'r + 'n 
A r , n =  

P r  -t Pn 
P r , n =  2 

.c 
If e i ther  I Mn(i)q' - Mn"'l 2 
50, r e t u r n  to  the main  p rogram;  otherwise,  s e t  xn = Xn(i), 

Mn*'. = Mn(i)<'', i nc remen t  the i terat ion counter b y  1 and go to s tep  8. 

o r  the number  of i t e ra t ions  exceeds 

.c .L 

CASE 4, Calculation of a Point _ _  on the Contour -~ .. ~ . . 

Given the flow p rope r t i e s  at a point 1 ,  the  p rope r t i e s  at point n 

a r e  to  b e  determined.  

i n  FIG A - 3 .  

The unit p r o c e s s  f o r  a boundary point is i l lus t ra ted  

The p rope r t i e s  a t  point n a r e  de te rmined  b y  the following relat ions:  

1. Obtain Mi"' f r o m  the thermodynamic table  using Mi as input. 

1 
(y = s in- '  - 

M1 
2. 

M320 139 



Figure A-3. Uni t  Process for Point on a Solid Boundary 
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3. 

4. 

5 .  

6 .  

7. 

8. 

9. 

10 .  

1 1 .  

12 .  

13 .  

14. 

15. 

16. 

XQ = t an  (01  t a i )  

PQ , n = Pa 

HQ , n = HQ 

Find  xn, yn, and 0, b y  solving the in te rsec t ion  of the left  

running c h a r a c t e r i s t i c  with the contour.  

If e i ther  I Mn(i)": - Mn": I < 

r e t u r n  to the  main  p r o g r a m ;  otherwise,  s e t  Mn = Mn(i) and  go 

o r  number of i t e ra t ions  exceed 50, - 
a;< .II 1. 

to  s tep  12. 

Obtain Mn f r o m  thermodynamic table using Mn'" as  input. 
.** 

1 
CY, = s in - '  - 

Mn 

cot  CYn 
Hn = .L 

M 

s in  8, s in  an 
'n = yn s i n  (en + on) 
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20. Go to step 9. 
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APPENDIX B 

EQUATIONS FOR THE CALCULATION OF HALL'S 
CONSTANT PROPERTY CURVE 

1. x1 = 0 

X 1  LT x14 
3. y1 = 1 +-  t -- 

2 R  8 R 3  

4. Assume a value of y 

2y t 9 a l  = - 24 5. 

4y t 1 5  
24 

6 .  a2 = 

1oy t 57 
288 

7. a3 = 

556 y2  t 1877 y t 3231 
10368 9.  a5 = ~- 

388 y' i- 1233 y t 1953 
2304 

. .. -. - ~ -  10. a6 = 

304 y' t 858 y + 1269 
1728 1 1 .  a7 = 

2708 y2 t 7837 y t 14211 
82944 

12 .  ag  = 

52 y 2  t 99 y + 3 7 5  
384 

1 3 .  a9 = 

52 y2 t 99 y t 303  
192 

. .  - 14. a 1 0  - 
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. . , , . . 

200 yz t 72 y t 639 
1152 15 .  all  = 

13 y - 27 
48 17. a 1 3  = 

4 y2 - 57 y + 27 
144 18. a14 = 

8 y t  15 
72 

b l  = -- 19. 

20 y t 4 5  
96 

2 0 .  bZ = 

28 y t 75 
288 21. b3 = 

b , = ? Y + 9  
12 22. 

6836 yz t 16695 y t 14211 
82944 23. b5 = 

3380 y2  + 8703 y t 7875 
13824 24. b6 = 

3748 yz + 8859 y t 8964 
13824 25. b7 = 

9044 yz t 17631 y t 20745 
82944 26. ba = 

556 y2 t 1113 y + 981 
1728 27. b g  = 

388 y2 t 801 y t 693 
576 

- 28. bl0 - 

304 y2 t 645 y + 549 
29. b l l  = 

864 
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30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

2 t a 3  t z (y 2 - :) - a4 z 2 

52 y2 + 3 y - 33 
b 12 '= - .. . .. ._ 

192 

52 y2 + 27 y - 9 b13 = . . 
19 2 

z = xi  pT 

91 = y y '  - -  l + Z  4 

q2 = a l  y14 - a 2  Y 

Obtain 7 f r o m  therrnoc p a n i i c  ta l e  (by  en ter ing  <, i. e. , M:::) 

If Iy  - 7 I 
g o  to s tep  5 

Obtain M f r o m  thermodynamic  table  (by enter ing 4) 

- 
g o  to s tep  40 .  Otherwise,  se t  y = ( y  t y ) / 2  and - 

a = ( < -  1 ) . R  

go Q - 0. 5 y2  t 0. 25  

145 



45. 

46. 

47. 

48. 

49. 

50.  

51. 

52. 

53. 

54, 

55. 

56. 

If 0.  0 3  < A - 18, I - CY - < 0.05 ,  go to  s t ep  54. 

s tep  2. 

Find the yi’s  (equal ly  spaced  between 0 and y1) 

Find g o ,  g l ,  g z  f rom Equations 44, 45, 46, respec t ive ly .  

Otherwise,  go to  
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58. el = 0.25 yi3 - 0.25 yi + yi 
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APPENDIX C 

EQUATIONS FOR THE CALCULATION 
O F  NOZZLE PERFORMANCE 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

9. 

10. 

1 1 .  

Along the Star t ing - ~ ~ _  Line  - 

ev = (81 -I- 02)/2 

vs 
N 

Along the Nozzle Contour - . _ _  _. - __ 
PA 
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Over all 

14. r =  rs t rc 

15. SP. Imp. = r/;n 

16. CF = r/(Pc - TT . R t 2 )  
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